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Salt marshes provide critical ecosystem services, such as shoreline stabilization, 
biogeochemical cycling and habitat for wildlife, to much of the world's population living 
on the coasts.  Emergent vascular plants are a critical component f these ecosystems. 
This study was a comprehensive effort to gain a better understanding of the ecology of 
salt marsh plants in the Nueces River delta on the south Texas coast.  This knowledge is 
essential to understand the potential anthropogenic impacts on salt marshes, including 
sea-level rise, global warming, reduced freshwater inflow and coastal erosion. A 
combination of remote sensing analysis, field studies and experiments w re used to allow 
analysis across spatial scales ranging from landscape patterns of vegetation to leaf level 
measurements of the dominant species.  A novel method of image classification was 
developed using high-resolution multi-spectral imagery integrated with ancillary data to 
map the major plant communities at a landscape scale.  This included a high marsh 
assemblage composed primarily of Spartina spartinae and a low marsh community 
dominated by Borrichia frutescens and Salicornia virginica.  Geospatial analysis 
determined that the location of these plant communities was related to he distance from 
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the tidal creek network and elevation.  The B. frutescens and S. virginica assemblage was 
more abundant at lower elevations along the waters edge, making it vulnerable to loss 
from shoreline erosion. 
At a finer spatial scale, gradient analysis was utilized to examine the relationship 
between elevation, which creates environmental gradients in salt marshes, and species 
distribution.  I discovered that elevation differences of less than 5 cm can influence both 
individual species and plant community distribution.  One interesting finding was that the 
two dominant species, B. frutescens and S. virginica, share similar responses along an 
elevation gradient yet are observed growing in monotypic adjacent zones.  I constructed a 
large reciprocal transplant experiment, using 160 plants at 4 sites throughout the marsh, 
to determine what causes the zonation between these two species.  Th  results of this 
study found that S. virginica fared well wherever it was transplanted but was a weak 
competitor.  B. frutescens survival was significantly lower in the S. virginica zone than in 
its own zone suggesting that abiotic factors are important in determining the zonation of 
this species.  However, high spatial and temporal variability existed in environmental 
parameters such as salinity.  This variability may have been caused by the semi-arid 
climate and irregular flooding typical in the Nueces Marsh. Therefore, I utilized a 
greenhouse experiment to directly test the importance of the two dominant physical 
factors in salt marshes, flooding and salinity.  The results found that for B. frutescens the 
effects of flooding were not significant, however salinity at 30‰ reduced growth.  
Salinity did not influence growth of S. virginica.  The greater ability of S. virginica to 
tolerate salinity stress has important implications because reduced freshwater inflow or 
climate change can increase porewater salinity, thus favoring the expansion of S. 
virginica, and altering the plant community structure.  
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Chapter 1: Introduction and Overview  
Salt marshes have long been of interest to plant ecologists because they are 
composed of relatively simple communities that are influenced by strong environmental 
gradients, thus making them excellent subjects for study.  Knowledge of the mechanisms 
that control salt marsh community structure is important for understanding the potential 
impacts of anthropogenic changes.  Over half of the world liveson or within 200 km of 
the coast (Stegman and Solow 2002) and salt marshes provide more ecosystem ervices 
to these populations than any other coastal habitat (Gedan et al. 2009).  These important 
functions include biogeochemical cycling, shoreline stabilization and providing wildlife 
habitat.  We do not know enough about salt marsh plant communities to predict the 
effects that anthropogenic influences, such as reduced freshwater inflow, sea-level rise 
and global warming, might have on these ecosystems and their functions.   
Our conceptual understanding of salt marsh plant communities is still limited 
because the methods required to obtain this information are very labor intensive and 
results obtained from one location are often not applicable to other places, due to 
geographic variability (Ewanchuk and Bertness 2004).  To date, most studies have taken 
place in temperate mesotidal salt marshes.  These research studies have generated some 
general theories regarding the factors controlling halophyte disribution.  For example, 
zonation patterns were thought previously to result from succession processes (Chapman 
1940), but it is now believed that interactions caused by competition, floding and 
salinity are primarily responsible for zonation patterns (Pennings and Bertness 2001).  
Compared with New England and the southeastern United States, relatively li tle is 
known about the ecology of halophytes in the western Gulf of Mexico.   
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The Nueces River Delta (27º 53' N, 97º 32' W) is a tidal marsh sy tem near the 
City of Corpus Christi, in south Texas (Figure 1.1).  The Nueces Marsh is a component of 
the larger Nueces Estuary which includes four Bays: Corpus Christi, Nueces, Oso and 
Redfish (See Figure 1.1).  This system consists of about 5,700 hectares of v getated 
wetlands, mudflats, tidal creeks and shallow ponds. The Nueces Bay can be lassified as 
a drowned river valley estuary (Pritchard 1967).  However, it also share  characteristics 
of a barrier estuary (Roy 1984, U.S. Bureau of Reclamation 2000) because of the 
extensive bar built bays parallel to the estuary.  The climate is s mi-arid with a mean 
precipitation of about 75 cm yr-1.  Average tidal amplitude is low with a mean of only 15 
cm (Ward 1985).  However, occasional irregular tropical storms and hurricanes can 
provide both large amounts of precipitation and tidal storm surges of several feet 
(Armstrong 1987).  
 The Nueces Marsh vegetation can be classified as a dry coast type (Adam 1990).  
Similar dry coasts marshes include those of southern California, which share related 
species, such as the Chenopods (genus Salicornia).  In contrast, the Nueces Marsh is 
floristically different from the Atlantic Coast marshes, which are often dominated by the 
grass Spartina alterniflora.  Despite some similarities in flora, there are significant 
differences in the physical characteristics of the Nueces Estuary as compared to 
California estuaries.  Many of the estuaries in California were created by tectonic related 
events such as cracks that formed along fault lines, or when large areas of land sank 
below sea-level, such as San Francisco Bay.  In addition, California has lost most of its 
wetlands due to human activity.  For example, in the San Dieguito Lagon in San Diego 
County 85% of the wetlands were lost between 1928 and 1994 (Kent and Mast 2005).   
The Nueces Delta has been significantly modified by humans to provide water to 
the growing population of Corpus Christi by the construction of two large res rvoirs 
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within the Nueces Basin: the Choke Canyon Dam on the Frio River in 1982 and the 
Wesley Seale Dam in 1958 (U.S. Bureau of Reclamation 2000).  Significant research has 
been conducted since the 1980’s examining how reduced freshwater inflow has impacted 
the Nueces Delta.  Early work evaluated the freshwater needs of the estuary in order to 
develop a water management plant (Henley and Rauschuber 1981).  Since the , 
significant efforts have been conducted to increase freshwater inflow to the Nueces Delta.  
Perhaps the most significant effort was the Rincon Bayou Demonstration project which 
constructed an overflow channel (see Figure 1.2) that lowered the minimum flooding 
threshold for the upper portion of the Nueces Delta (U.S. Bureau of Reclamation 2000).  
Recent research in the Nueces Delta, including this project, has largely been 
funded by the City of Corpus Christi.  A major focus of this research effort has been the 
response of plant communities to climatic conditions (Dunton et al.  2001, Forbes and 
Dunton 2006) and altered freshwater inflow (Alexander and Dunton 2002, Alexand r nd 
Dunton 2006). These studies provide evidence that both competition and abiotic fact rs
are important in determining community composition.  For example, during d ought, the 
cover of Salicornia virginica increased whereas the cover of Borrichia frutescens 
decreased (Forbes and Dunton 2006). However, no experiments have been conducted to 
test the role of other factors, such as salinity, flooding and competition in influencing the 
zonation of these or other species in the Nueces Marsh.  Understanding the causes of 
zonation is important because differences in vegetation patterns can influence important 
natural processes.  For example, an increase in abundance of shallw-rooted S. virginica 
in favor of the clonal shrub B. frutescens may reduce the ability of a marsh to provide 
shoreline stabilization functions for the coastal community.   
The primary research question that this dissertation addresses is:  What are the 
important factors controlling the distribution and zonation patterns of halp ytes in the 
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Nueces Marsh?  To answer this question, I have used a host of methodologies and 
experimental techniques including remote sensing, field surveys and experimental 
manipulations. 
Common species, landscape position and elevation are all important measures to 
consider when describing salt marsh plant communities (Zedler et al. 1999).  In Chapters 
two and three, I present the results of two descriptive analyses that examine these 
components at different spatial scales.  When considered together, these studies provide 
baseline data on the dominant species in the Nueces Marsh and their istribution and 
patterns in relation to spatial gradients. 
The analysis begins with the application of remote sensing techniques to 
determine the vegetation cover types throughout the landscape of the Nuec s Marsh.  I 
then applied geospatial analysis to investigate how these landscape patterns related to 
tidal creeks, which are critical landscape components of salt marshes (Sanderson et al. 
2000).  The results of this study, summarized in Chapter two, demonstrated that 
landscape vegetation patterns are related to distance from tidal creeks and elevation.  In 
addition, I discovered that erosion along Nueces Bay was responsible for a considerable 
loss of low marsh habitat (Appendix). 
In Chapter three the focus shifts from landscape scale patterns o finer scale 
elevation gradient analysis.  Elevation creates an important physical gradient in salt 
marshes since it largely determines the timing of tidal inundation.  I found that the 
distributions of many species were influenced by elevation.  In addition, there were 
species assemblages that occurred within specific elevation ranges.  For example, an 
assemblage of B. frutescens and S. virginica was common within a specific range of 
elevation within the marsh. 
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Although the descriptive field studies provided valuable baseline information on 
the dominant species in the Nueces Delta and their distribution in relation to spatial 
gradients, they did not allow for explicit testing of hypotheses.  Chapters four and five 
present complimentary field and greenhouse experiments to test specific hypotheses 
about the role of abiotic and biotic factors in determining zonation patterns between the 
two dominant species in the lower Nueces Marsh, B. frutescens and S. virginica. 
Reciprocal transplants experiments have been used widely in saltmarsh studies to 
determine the relative importance of abiotic and biotic factors in zonation. Chapter four 
presents the results of a large reciprocal transplant experiment.  My general hypotheses 
were that abiotic factors limited B. frutescens from growing in S. virginica zones, 
whereas S. virginica was the competitive subordinate to B. frutescens.  Reciprocal 
transplants were conducted with a total of 160 plants at four sites located throughout the 
Nueces Marsh.  The experiment included measurements of porewater salinity which is 
known to have significant physiological effects on plant growth and survival (Pennings 
and Moore 2001).  This experiment indicated that abiotic factors have an important role 
in the zonation of these two species in the Nueces Marsh. 
Although reciprocal transplant experiments can evaluate the relative importance 
of abiotic and biotic factors, they cannot distinguish differences in specific stressors.  The 
final chapter of this dissertation addresses the importance of salinity and flooding on the 
autoecology of B. frutescens and S. virginica through manipulative greenhouse 
experiments.  These experiments demonstrated that B. frutescens was less tolerant of 
salinity than S. virginica although both appear to have the ability to tolerate flooding 
stress.  The results from Chapters four and five indicated that the in eraction between 
salinity and flooding may cause the zonation patterns observed in the Nueces Marsh. 
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This dissertation is one of the most comprehensive studies of salt marsh plant 
ecology conducted in the western Gulf of Mexico. The research results increase our 
mechanistic understanding of the processes that control the zonation of salt marsh plants, 
which are critical components of salt marsh ecosystems.  At aregional scale this study 
provides valuable information on the potential impacts of anthropogenic influences, 
especially reduced freshwater inflow, on the Nueces Marsh.  In general, the results 
provide unique baseline information on emergent vascular plant communities i  a micro-
tidal semi-arid region.  The information contained within this dissertation should prove 
valuable to water resource scientists and restoration ecologists who are trying to 




Figure 1.1. Location of the Nueces Marsh and associated bays. 
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Figure 1.2.  Overview of the Nueces marsh.
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Chapter 2: Characterizing Landscape Vegetation Patterns in the Nueces 
River Delta, Texas Utilizing Remote Sensing and Geospatial Analysis 
Abstract 
The distribution of the dominant vegetation types within the Nueces River salt 
marsh near Corpus Christi, Texas was determined by remote sensing and geospatial 
analyses. A pixel based classification method was developed using color infrared im gery 
from a digital mapping camera (Z/I Intergraph DMC). Texture masures, vegetation 
indices and a high resolution digital elevation model were incorporated into the 
classification to increase the information content of the imagery. The resulting 
classification differentiated two dominant plant communities, one dominated by Spartina 
spartinae (17.7% total cover), and a second consisting of B rrichia frutescens and 
Salicornia virginica (23.0% total cover).  S. spartinae is located at higher elevation and 
further from tidal creeks.  The B. frutescens and S. virginica community was found at 
lower elevation and was especially abundant within the 78 meters of tidal creeks.  The 
results of this study demonstrate the utility of integrating high resolution multi-spectral 
ancillary data in classifying salt marsh vegetation.  In addition, the combination of high 
resolution mapping and geospatial analysis provides an effective means for monitoring 
changes, such as shoreline erosion, to coastal environments.   
 
Introduction 
Remote sensing is a powerful tool for providing large scale synoptic data for 
environmental monitoring. High resolution mapping of coastal vegetation has 
traditionally been conducted utilizing photographs from standard large format aerial 
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cameras or traditional satellite sensors such as Landsat TM (Hardisky et al. 1986, Zhang 
et al. 1997). In recent years the emergence of new digital sensors has proven to be an 
excellent alternative to the use of film-based aerial photography nd satellite sensors. 
Standard aerial photography is often acquired to map salt marshes because high spatial 
resolution is useful in determining typical salt marsh zonation. Digital sensors deployed 
on airplanes have increased in popularity in recent years. These sen or  offer several 
advantages over traditional aerial photography, including a completely digital workflow, 
improved geometric accuracy and superior radiometric resolution. There is also greater 
flexibility in the timing of image acquisition than that of standard aerial photography.   
Standard aerial imagery can be digitized to create a digital product but the 
resulting spectral resolution is poor and does not contain discrete specral bands (Provost 
et al. 2005). As a result, coastal vegetation mapping utilizing standard aerial photography 
is most often conducted using onscreen digitizing (for example, see Higinbotham et al. 
2004).  Multi-spectral digital camera sensors such as the Leica ADS-40 and Z/I DMC 
offer discrete spectral bands. The digital numbers (DNs) in these images are useful in 
automated classification methods.  In addition, these sensors have high spatial resolution 
capabilities of up to 0.15 m ground sampling distance, thus offering the ability to 
examine smaller scale vegetation characteristics such as texture (Chen et al. 2006, 
Wulder et al. 2004).  QuickBird satellite imagery offers a coarser spatial resolution (2.4 
m) but similar spectral resolution has been successfully utilized for mapping estuarine 
wetland plants (Laba et al. 2008). 
One method for increasing accuracy of processing remotely sensed imagery is by 
integrating ancillary data into the original imagery (Wulder et al. 2004).  In fact, Lefskey 
et al. (2002) showed that the integration of other high resolution remotely sensed data 
such as light detection and ranging (LIDAR) into the original imagery provided a 
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promising avenue for future research. Ehlers et al. (2006) integrated digital surface 
models and digital mapping camera data to map riparian vegetation in Germany.  
 According to Wulder et al. (2004), vegetation indices such as the Normalized 
Difference Vegetation Index (Tucker 1979), Enhanced Vegetation Index (Huete et al. 
2002), Soil Adjusted Vegetation Index (Huete 1988) and Modified Soil Adjuste 
Vegetation Index (Qi et al. 1994) may also be integrated into image processing.  All of 
these indices rely on the relationship between the red and near-infrared bands of the 
electromagnetic spectrum, and takes into account that plants absorb light in the 
photosynthetically active range of approximately 0.45 to 0.67µm, and reflect light in the 
near infrared portion of the spectrum, from 0.7 to 1.3 µm (Lillesand and Kiefer 2004).  
Selecting a vegetation index for image processing purposes needs to be done carefully 
because some indices are more effective than others under certain nvironmental 
conditions. For example, the normalized difference vegetation index can become 
saturated when leaf area is very high (Chen et al. 2001).  I chose to use a version of the 
modified soil vegetation index (from Qi et al. 1994) for this analysis because it has been 
shown to be relatively robust under conditions of low vegetative cover that is typical of 
the Nueces River delta, and has been proven effective in salt marshes (Eastwood et al. 
1997). 
The two primary challenges associated with mapping vegetation in the Nueces 
Marsh are related to the fact that, (1) vegetation occurs in discrete patches that can vary 
greatly in size; and (2) the patches of vegetation are often small (sometimes only a few 
square meters in size). These challenges require the use of remotely sensed data that has a 
high spatial resolution (Silvestri 2003) to distinguish between vegetation types. The use 
of digital color infrared photography has increased in environmental monitoring 
applications in estuarine systems. Some recent applications include estimation of 
 12 
chlorophyll on exposed mudflats (Murphy et al. 2004), and mapping seagrasses (Lathrop 
et al. 2006) and aquatic macrophytes (Valta-Hulkkonen et al. 2003).   
Salt marshes occur in distinct zones that are the product of physical gradients in 
stress and competition (Pennings and Bertness 2001). Tidal creeks are important 
components of coastal salt marshes, and determine how much water flow eaches 
different portions of the landscape (Chapman 1940). The distribution and characteristics 
of vegetation along tidal creeks also reflect the influences of abi tic and biotic conditions 
such as salinity and competition. For example, tidal channels influenced the distribution 
and composition of salt marsh plants in a San Francisco Bay Salt Marsh (Sanderson et al. 
2000).  However, there is a dearth of studies that have examined the relationship between 
vegetation and tidal creeks in any salt marsh in the Gulf of Mexico.   
The major objective of this study was to characterize the extent and distribut on of 
the major plant assemblages in the Nueces River Delta.  In addition, I wanted to test the 
hypothesis that there is a relationship between patterns of vegetation and distance from 






The Nueces Marsh, located in south Texas (27º 53' N, 97º 32' W), consists of 
more than 5,700 hectares of wetlands, tidal flats, and numerous channels and small tidal 
creeks.  The study area (Figure 2.1) for this analysis contained approximately 4,000 ha of 
this tidal marsh system.  Freshwater inflow to the marsh has been severely reduced in the 
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past 50 years by the diversion of the Nueces River for municipal, industrial, and 
agricultural uses. This modification has led to increased hypersaline conditions that have 
negatively impacted shrimp and oyster populations in the Nueces and Corpus Christi 
Bays.  Ongoing projects have focused on restoring freshwater inflow to the marsh by 
controlled releases of treated wastewater and construction of two Nueces River overflow 
channels (U.S. Bureau of Reclamation 2000). Vegetation, soil characteristi s, tidal 
channel water quality and other relevant parameters have been collcted since the mid 
1990s (Alexander and Dunton 2002; Dunton et al. 2001).  Restoration of freshwater 
inflow has had positive ecological impacts on the abundance, biomass and diversity of 
benthic fauna in the marsh, (Montagna et. al 2002).  
Elevation throughout the Nueces marsh generally ranges from about 0 t  1.  
meters (NAVD88; Rasser Chapter 3).  Common perennial halophytes include Borrichia 
frutescens, Salicornia virginica, Batis maritima, Suaeda linearis, Monanthochloe 
littoralis, Distichlis spicata, Limonium nashii and Lycium carolinianum. Salicornia 






Figure 2.1.  Location of the Nueces Marsh and associated boundary of study area (red 
polygon) and location of sample points (black points). 
Data 
Three sources of data were used in this study. On 1 November 2005, digital aerial 
imagery was acquired using a Z/I Intergraph Digital Mapping Camera (DMC).  The 
DMC uses a matrix of charged couple device (CCD) sensors with 12 bit radiometric 
resolution capable of producing color, color-infrared, and panchromatic images.  For this 
analysis I used the 3 band near infrared image which contained near infrared (675-850 
nm), red (590-675 nm) and green (500-650 nm) bands with a one foot ground sampling 
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distance.  I selected 16 of the 32 overlapping images that covered the study area for 
detailed analysis.  In addition to the imagery, a 1.0 meter resolution digital elevation 
model was incorporated into the classification (Gibeaut 2007).  This data was acquired 
utilizing Light Detection and Ranging (LIDAR) and has a vertical accuracy of 
approximately 0.10 m.  The LIDAR data was “first return” and was not corrected for 
vegetation height. It therefore represented the three dimensional spatial attributes of both 
the vegetation canopy and sediment height. The accuracy of this data varies greatly with 
the characteristics of the surface.  On non-vegetated surfaces the root mean square error 
(RMSE) is 0.041 m whereas in 1.0 meter high stands of B. frutescens there may be a 
vertical bias of 0.30 meters with a RMSE error of greater than 0.10 m (Gibeaut, Personal 
Communication). 
Collection of Ground Data 
As with most salt marsh communities, access and travel throughout the s udy site 
was impeded by low bridges, tidal flats, a complex tidal creek network and very shallow 
water. Due to these challenges, I used a random clustered sampling approach (McCoy 
2005, Congalton and Green 1999) to collect data on vegetative percent cover.  Thirty two 
random points (see Figure 2.1) were distributed throughout the study area and a total of 
16 points were randomly generated within 200 meters of each of these.  A random point 
generator (Jenness 2005) using ArcView 3.2 was used to ensure that bo  individual 
cluster center points (Figure 2.1) and the distribution of points within the area of the 
cluster was random.  Points were spaced at least fifteen meters apart to further reduce the 
chance of spatial autocorrelation.  Each target sample point was uploaded as a waypoint 
into a Trimble GeoXT GPS and navigated to in the field. At each smple site, positional 
location was recorded using a minimum of 180 logged positions, and vegetative cover 
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was assessed with a 0.91 m x 0.91 m (3’ x 3’) quadrat.  This particul  size quadrat was 
chosen so as to represent a 9 pixel area on the image.   
Percent cover of each canopy species was estimated visually within the quadrat.  
In addition, digital photographs and field notes were taken to document ground 
conditions in the vicinity of each sampling location.  Percent cover was estimated only on 
the highest canopy present within the quadrat.  Both standing dead vegetation and green 
plant material were included as percent cover for each particul r species. For example, 
there were large areas of Spartina spartinae which at the time of field sampling contained 
various amounts of “standing dead” senesced leaves as well as “green leaves”.     
 
Image Processing  
A mosaic of 16 images that covered the study area (Figure 2.1) was cre ted.  A 
histogram balance was conducted during the mosaic process using one of the images as a 
reference.  Additional data layers created during image processing included a single band 
image of the modified soil vegetation index (MSAVI).  
The MSAVI was calculated using the methods developed by Qi et al. (1994).  The 












NIR is the near infrared band of the DMC (675-850 nm) 
R is the red band of the DMC (590-675 nm) 
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An additional layer of vegetation texture was created by rescaling the MSAVI 
(Figure 2.2) into an 8 bit image.  This resulted in very small values that were multiplied 
by 1000 (see Chen et al. 2001). Using this image, a 3 pixel by 3 pixel moving window 
was used to calculate the variance of the vegetation index.  The three band digital image 
containing red, near-red and green bands along withthe MSAVI vegetation index, 
vegetation texture and LIDAR data, were combined to form a six band image (Figure 2.3) 
that was used for all further analysis. 
I made the decision not to perform an atmospheric corre tion on the imagery prior 
to processing.  This decision was made primarily because of the processing of the 12 bit 
orthoquad frames that was conducted by the data provider (Photoscience Inc.).  The raw 
DMC data went through a series of linear, non-linear, and arbitrary processing steps  
utilizing a proprietary software that would make the conversion back to the original 
radiance value not possible.  These processes first included a gamma correction, which is 
a type of exponential non-linear function.  Next, a linear color correction was applied to 
each color band in the image.  Finally a manual color correction was applied for aesthetic 
purposes such as balancing shadow contrast with higlight contrast.  These combined 
corrections were stored in a look up table (LUT).  I attempted to “reverse map” the 
original pixel values, however, I was unable to recreate the original pixel values because 
there was a many to one relationship. 
Vegetation Classification and Accuracy Assessment 
An unsupervised classification was conducted using the Iterative Self Organizing 
Data Algorithm (ISODATA, ERDAS Imagine, Leica Geosystems, Norcross, GA).  The 
ISODATA algorithm performs iterative classifications of the properties of the pixels 
within the image.  Although typically conducted on spectral data, in this study the 
spectral properties included three bands of the electromagnetic spectrum (red, near-
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infrared, and green) and three ancillary data layers (LIDAR, MSAVI, Vegetation 
Texture).  On the first iteration the assignment to classes was arbitrary.  Successive 
iterations were used to calculate a mean for each cluster, and each time every pixel was 
assigned to the cluster with the closest mean (Erdas 2003).  When the number of 
unchanged pixels reached an established threshold (c nvergence) the algorithm stopped.  
In this analysis after 18 iterations, 200 classes wre reached with a convergence of 0.952.   
Each of the 200 classes was assigned to a vegetation category based on ground 
training data.  The same class may have been re-assigned to two different classes based 
on location within the mosaiced image.  This was done by conducting a series of masking 
operations within the GIS software.  For example, a particular class may have been 
associated with water in one portion of the image but sediment in another. After all the 
classes were assigned, the image was recoded to the desired number of classes.  The 
classified image was then post processed using a 3x3 pixel majority filter using to remove 
“noise pixels”.  
A confusion matrix was created using 402 points, none f which had been used in 
the training process. The mapped class of each point was determined by comparing the 
mapped value in the classified image with the previously determined reference class 
based on the ground data.  The reference class was chosen by selecting the class that 
contained the majority of the percent cover based on field sampling.  For example, if a 
site contained 80% water and 10% sediment it was clsified as water.  The users and 
producers accuracy as well as the overall accuracy and Kappa Index were calculated for 







Figure 2.2.  Example of vegetation layer created by using the modified soil vegetation 




Figure 2.3.  Flow chart of image processing methods.  Squares represent processes, 
parallelograms spatial data layers.  Ground data repres nts digitally stored 
field data. 
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Analysis of Vegetation Patterns 
 
Distance from Tidal Creek 
The relationship between the distribution of vegetation classes and distance from 
the tidal creek network was examined.  For this analysis the tidal creek network was 
defined as all bodies of water connected to the Nueces Bay.  The processing steps for this 
analysis included: 
 
1. Extracting a data layer from the classified image that contained only water.  
 
2. Creating a tidal creek network that included only those bodies of water that were 
connected to Nueces Bay.  This was formed by converti g the raster water layer 
into a polygon layer. The polygon that included Nueces Bay and all connected 
bodies of water (Figure 2.4) was retained as the tidal creek network. 
 
3. Calculating the Euclidean distance from the tidal creek network using the 
algorithm in ArcGIS (ESRI, Redlands CA).  The result was a raster layer with 
each pixel containing the distance from the tidal creek (Figure 2.4A). 
 
4. Reclassifying the distance layer created in step three into 20 approximately equal 
classes (Reclass, Quantile, ArcGIS) see Figure 2.4B.. 
 
5. Calculating the area of each mapped class within each of the distance classes 
(Neighbor Statistics: Histogram, ArcGIS) 
 
6. Calculating the percentage of each mapped class within each of the  distance 
classes 
 
7. Plotting vegetative percent cover in each of the classes to examine the relationship 





Figure 2.4 a-b.  Example of distance class image (A) and Euclidean distance image (B) 
Distances are from the edge of the tidal creek network hich consists of all 
bodies of water (including North Lake and South Lake) that are connected 
with Nueces Bay. 
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Elevation Analysis 
I examined the relationship between the elevation values from the LIDAR with 
the resulting classification.  This was accomplished by first reclassifying the data into 20 
classes of approximately equal size (Reclass, Quantile, ArcGIS).  Neighborhood statistics 
were calculated of the number of pixels in each LIDAR class.  From this data the relative 
percent cover of each class within an elevation class was determined.  The results were 
plotted to examine the relationship between the mapped classes and elevation as 
represented in the first return LIDAR.  It should be pointed out that these two datasets are 
not independent, that is the LIDAR data was used to create the vegetation classification.  
However, this analysis provides valuable information on the relationship between the 
original LIDAR data and the classification. 
 
Results  
Ground Data Collection 
A total of 477 points were collected during the cluster sampling.  Thirty five 
points were not sampled during ground surveying because they were inaccessible.  Most 
(402) of these points were used for accuracy assessment and the remaining (75) for 
training data.  In addition to the points collected during cluster sampling, 100 non-
random points were collected during the survey solely for training purposes. Figure 2.9 
presents the mean relative cover of all 477 random sa ple points. The vast majority of 
the ground cover was either not vegetated or contained water (Figure 2.5).  The three 
species most commonly sampled during ground data collecti n were Spartina spartinae, 
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Borrichia frutescens, and Salicornia virginica.  All other species represented less than 
5% each of the ground cover.    
Determination of Classes 
 Each sample point was assigned a class based on the dominant cover types found 
during ground data collection.  The focus of the classes (listed below) was to attempt to 
determine the distribution of the dominant species including S. spartinae, B. frutescens 
and S. virginica.  Additional classes included two broader vegetation categories: forested 
and other non-woody vegetation, a non-vegetated class and sand.  
Spartina spartinae  
Vast meadows in the Nueces Marsh were dominated by the grass S. spartinae. 
Other common plants that were found in these meadows included Spartina patens as well 
as scattered salt tolerant shrubs such as Iva frutescens and B. frutescens. 
Borrichia frutescens  
This class included meadows dominated by the clonal shrub B. frutescens, which 
can grow to heights of 1.5 meters.  Other common plants included S. virginica, D. 
spicata, B. maritima and Lycium carolinianum.  S. virginica, a perennial succulent forb, 
could grow to approximately 0.5 meters in height in the Nueces Marsh and formed 
patches of vegetation often in a mosaic with B. frutescens.  
Other Non-Woody Vegetation 
This class included all other vegetated areas that did not contain trees but that also 
did not belong to one of the above categories.  This included grasses in ranch lands and 
other less common halophytic grasses such as M. littoralis and S. alterniflora. 
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Forested Vegetation 
All vegetation with trees and large shrubs greater than 1.5 meters in height were 
included in this class.  Examples of this class included areas of mesquite trees (Prosopis 
spp.) that occurred in isolated areas of higher ground throughout the Nueces Delta. 
Water  
This class incorporated all bodies of water, including tidal creeks, channels and 
bays. 
Non-vegetated 
This class included areas that did not contain any living vegetation. It may have 
contained the remains of vegetation in the form of wrack of detritus as well as bare 
sediments.  Tidal flats and salt pans were represent d i  this class.  
Sand 













































































































Figure 2.5.  Percent cover of dominant species, water, nd non-vegetated area collected 
during ground data collection (n= 477, 0.82 m2 plots).  Values represent the 
mean average across all plots. 
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Vegetation Classification  
The classified image is shown in Figure 2.6 and the resulting confusion matrix of 
the classified image is presented in Table 2.1. In ge eral there were more errors of 
commission than omission. Producer’s accuracy (82.5%) was much higher than user’s 
accuracy (32%) for B. frutescens, with this species most often incorrectly classified as S. 
virginica (Table 2.1).   
Similarly, the errors of commission seemed to be high for the ‘water’ class, since 
the producer’s accuracy of water cover type was high (86.4%) and the user’s accuracy 
was relatively lower (62%). This indicated that more areas were identified as having 
areas of water than was actually the case.  For example, areas that were identified as non-
vegetated in the reference data were most commonly mis-classified as water. There was 
relatively little forested cover within the study are  and the limited data precluded a 
thorough accuracy assessment. However, the classified image did appear to represent 
relatively large areas of forested areas in the northern portions of the study area as well as 
scattered areas of small trees (usually dominated by mesquite) that occurred throughout 
the study area (Figure 2.6). None of the reference data was classified correctly for the 
non-woody vegetation class.  This class was most often misclassified as non-vegetated 
(Table 2.1).  
Since the objective of this analysis was to produce an accurate vegetation map for 
ecological monitoring, some classes were combined to increase accuracy.  The sand class 
was often misclassified as non-vegetated; consequently these two categories were 
combined with the non-vegetated category.  In addition, I was unable to differentiate 
between B. frutescens and S. virginica, therefore, these two classes were combined to 
form a single B. frutescens and S. virginica class. The resulting confusion matrix (Table 
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2.2) shows that the Kappa Index improved from 0.41 to 0.47 and the overall accuracy 
increased from 51% to 57%.  In addition, the combined B. frutescens and S. virginica 
class was significantly more accurate (Producers Accuracy = 49.5%, Users Accuracy 






Figure 2.6.  Classified image of study area based on classification of digital aerial 
imagery acquired 1 November 2005.
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Table 2.1.  Results of accuracy assessment based on 402 reference points from field data that were compared to the classified 
image. 
 


























vegetation 0 0 0 0 0 0 0 0 0 0.0 0.0 
B. frutescens 15 33 13 15 19 3 3 2 103 82.5 32.0 
non-vegetated 22 4 61 8 7 4 1 9 116 49.6 52.6 
S. spartinae 4 2 9 47 1 0 1 3 67 65.3 70.1 
S. virginica 2 0 0 1 1 0 0 0 4 3.6 25.0 
water 1 1 33 0 0 57 0 0 92 86.4 62.0 
forested vegetation 0 0 0 0 0 0 3 0 3 37.5 100.0 
sand 1 0 7 1 0 2 0 6 17 30.0 35.3 
 
Column Total 45 40 123 72 28 66 8 20 45 
  
 
    
Overall Accuracy = 51.7 
Overall Kappa Index = 0.41
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Table 2.2. Accuracy results for classification after combining classes for 1) B. frutescens and S. virginica and 2) non-vegetated 
and sand. 




B. frutescens &  















Other non-woody-vegetation 0 0 0 0 0 0 0 0.0 0.0 
B. frutescens and S. virginica 17 53 15 16 3 3 103 49.5 86.9 
Non-vegetated  38 4 69 9 7 6 116 51.9 53.5 
S. spartinae  4 1 12 47 0 1 67 72.3 65.3 
water 1 1 33 0 57 0 4 62.0 85.1 
forested vegetation 0 2 0 0 0 3 92 60.0 23.1 
 
Column Total 45 40 123 72 28 66 8  
 
 
Overall Accuracy = 57.0 
Overall Kappa Index = 0.47
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Landscape Vegetation Patterns in the Nueces Marsh 
The two dominant vegetation classes in the Nueces Marsh were a lower marsh 
class dominated by B. frutescens and S. virginica (2303.4 hectares, Table 2.3) and 
meadows of S. spartinae (1906.9 hectares).  More than half the mapped areawas 
comprised of water, non-vegetated area or sand. Non-vegetated areas occurred 
extensively throughout the marsh and represented 30% of the total study area (Table 2.3).  
 Areas within 113 meters of tidal creeks contained the highest percentage of 
vegetation cover (Figure 2.7). B frutescens and S. virginica were most common closer to 
tidal creeks comprising almost half of the cover within 51 m of the tidal creek network 
(Figure 2.7). In many areas closer to Nueces Bay these species dominated the overall 
vegetative cover (Figure 2.8). The abundance of S. spartinae generally increased with 
greater distance from the tidal creek network and was more abundant than B. frutescens 
and S. virginica at distances greater than 113 meters of the shoreline (Figure 2.7), often 
forming monospecific stands in the marsh (Figure 2.8). 
There is a strong relationship between elevation and the primary vegetation 
categories (Figure 2.9). Water had the highest percent over at the lowest elevation 
comprising more than 70% of the cover between -11 cm and 6 cm (NAVD88). There 
were differences with respect to elevation for the two most abundant vegetation classes B. 
frutescens and S. virginica, and S. spartinae.  B. frutescens and S. virginica occurred at 
lower elevations, being most abundant between 31 – 90 cm whereas S. spartinae was 
more frequently found at higher elevations (120 – 200 cm NAVD88).  Forested 
vegetation increased only in the highest elevation category.
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Table 2.3. Area (ha) of mapped classes in the Nueces Marsh .  
Cover Class Hectares Percent of Vegetated 
Area 
Percent of Total 
Other non-woody 54.4 1.2 0.5 
B. frutescens and S. virginica 2303.1 51.7 23.0 
Non-vegetated 3233.6 - 30.0 
S. spartinae 1906.9 42.7 17.7 
Water 2811.7 _ 26.1 
 







Sand 274.4  2.6 
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Figure 2.7.  Percent cover of classes in relation to distance from the tidal creek network.  
Elevation category ranges are based on areas of approximately equal area 
determined by a quantile class algorithm (ArcGIS 9.3). 
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Figure 2.8.  Portions of classified image showing typical vegetation patterns observed in 
the study areas: A) south of North Lake dominated by S. spartinae, B) close 
to Nueces Bay dominated by B. frutescens and S. virginica. Inset map shows 
location of both sites in the Nueces Marsh. 
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Figure 2.9.  Percent cover of select classes based on levation from the LIDAR digital 
elevation model.  Classes ranges are based on areas of approximately equal 




The results of this study demonstrated that salt marsh plant communities can be 
successfully mapped utilizing unsupervised classification of imagery integrated with 
ancillary data.  A Kappa Index of 0.40 to 0.80 is considered a medium level of matching 
(Landis and Koch 1997). The Kappa Index (0.41) and overall accuracy (57%) obtained in 
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this study indicated that there was a moderate level of matching between the mapped and 
reference data for this study (Table 2.2).  These rults are comparable to similar studies 
that have integrated both LIDAR and imagery.  For example, Sadro et al. (2007) had an 
average overall accuracy of 59% with a Kappa coeffici nt of 0.40 for a supervised 
classification of plant distribution in California, which consisted of six classes.  Gilmore 
et al. (2008) had a high accuracy utilizing multi-temporal satellite imagery combined 
with LIDAR vegetation canopy data to map wetland vegetation in tidal wetlands of the 
lower Connecticut River.  This higher accuracy was attributed to their using a multi-
temporal data set consisting of QuickBird multi-spectral imagery, which allowed for 
differentiation of species based on phenology.  
In the past few years there has been substantial resea ch on integrating LIDAR 
data with hyperspectral data such as CASI (Verrelst et al. 2009).  Classification appears 
to be somewhat more accurate as compared to the multi-spectral imagery incorporated in 
this study.  For example, Pengra et al. (2007) had igher accuracy (overall accuracy = 
81.4%) in mapping salt marsh plants on the west coast f Greenbay, Wisconsin using 
hyperspectral imagery as opposed to using multi-spectral imagery.  Similarly Wang et al. 
(2007) had a high level of matching utilizing a neural network classification of salt 
marshes in the Venice Lagoon in Italy.  Despite these successes, hyperspectral imagery 
has practical limitations because of the coarse spatial resolution and complex image 
processing techniques required (Hirano et al. 2003).  In fact, the success of a remote 
sensing analysis can decrease as the landscape becomes more complex (Andrew and 
Ustin 2008). 
This study had a relatively higher rate of errors of c mmission, which is 
consistent with mapping conducted in other coastal systems. For example, Lathrop et al. 
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(2006) found that most of the mapping errors in their study were associated with errors of 
commission. This could be due to a number of reasons uch as the inability to spectrally 
separate plant species. For example, one challenge with the DMC imagery was apparent 
differences in spectral values between images.  For this study, a mosaic of many images 
was used.  However, it was apparent during the assigning of classes following 
unsupervised classification that many of the errors in the classification were due to 
differences in spectral signatures of the classes that occurred among the original images. 
Many areas that contained water were shallow and cotained large amounts of 
suspended sediments, which may have impeded accurate cl ssification of these 
categories. There were also several places in the image where tidal mudflats were 
misclassified as vegetation. This has happened in other studies as well, for example, 
Belluco et al. (2006) experienced difficulty in classifying salt marsh vegetation in areas 
containing microphytobenthos in a salt marsh in Venic , Italy. Similarly, the reason for 
the misclassification in this study could be cyanobacteria mats that were observed in 
many tidal flats during field data collection. It is possible that these cyanobacteria were 
active during image acquisition, thus making it difficult for the classification methods to 
spectrally separate large areas of cyanobacteria mats from other vegetation.  
There was relatively little forested cover within the study area and the limited data 
precluded a thorough accuracy assessment. However, the classified image did appear to 
represent accurately forested areas in the northern portions of the study area as well as 
scattered areas of small patches of forest such as t ose in Figure 2.9. The integration of 
vegetation texture and LIDAR may have contributed to the apparent accuracy of this 
class.  The forested vegetation increased in abundance only at the highest elevation 
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category.  This may be due to the vertical bias of the LIDAR data from trees and tall 
shrubs. 
In conclusion, the integration of high resolution multi-spectral imagery and 
ancillary data such as LIDAR provided a relatively accurate classification of vegetation 
in the Nueces Marsh. Due to the increasing availability of high resolution remote sensing 
data the methods developed here should prove valuable for mapping other estuarine 
areas. For example the United States National Imagery Acquisition Program has begun to 
incorporate DMC imagery. The methods incorporated in th s study are part of a growing 
body of research that has shown the utility of remote sensing in monitoring coastal and 
estuarine systems and incorporating imagery with oter spatial datasets to improve 
classification accuracy (Goetz et al. 2008).  
Landscape Vegetation Patterns in the Nueces Marsh 
Vegetation patterns were examined using geospatial n ysis to gain a better 
understanding of landscape scale patterns of vegetation nd what these patterns might 
explain about process.  Using the classified vegetation image I was able to examine the 
relative abundance of vegetation classes as well as the distribution of these vegetation 
classes with respect to two landscape components, dis ance from the tidal creek network 
and elevation. 
A general conclusion about the Nueces Marsh is that it is sparsely vegetated.  The 
low levels of vegetation cover observed were similar to data available from California 
salt marshes. For example, remote sensing and field surveys were used to determine that 
non-vegetated areas accounted for between 44.6% and 86% of the ground cover at four 
salt marsh sites in California (Shuman and Ambrose 2003).  In each of these California 
salt marshes S. virginica was the dominant plant species (13.5 to 32.8% cover).  In 
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general, S. virginica is generally the dominant plant in the lowest tidal levels of salt 
marshes (Li et al. 2005). However, it is a smaller component of the overall vegetation in 
the Nueces Marsh, accounting for approximately 6% of the cover (Figure 2.5). 
Perhaps the most conspicuous difference between the salt marsh communities of 
the lower Nueces Marsh and many well studied North American salt marshes, 
particularly along the Atlantic coast, is the lack of graminoids in the lower marsh.  For 
example, a remote sensing study of North Inlet, South Carolina found that S. alterniflora 
and Juncus roemerianus accounted for 83% of the estuarine area (Morris et al. 2005).  S. 
Spartinae is considered to be a brackish species with less salt tolerance than B. frutescens 
and S. virginica.  This species was most often found at distances gr ater than 113 meters 
from tidal creeks (Figure 2.7). A recent study by Sadro et al. (2007) found that S. 
virginica was inundated approximately 13% of the time.  It is probable that S. spartinae 
meadows, due to their distance from tidal creeks and apparent higher elevation, are only 
flooded during infrequent episodes of very high water levels such as tidal storm surges.  
S. alterniflora is only a very minor component of the Nueces Marsh.  Although it 
is found throughout the Texas coast (Kunza 2006), extensive salt marshes dominated by 
S. alterniflora are not typical.  The reduced abundance of this species is probably due to 
the small tidal amplitude in the western Gulf of Mexico.  S. alterniflora typically occurs 
within the intertidal range (Morris et al. 2005).  Due to the small tidal amplitude of 
approximately 15 cm there is a limit amount of marsh surface that is regularly flooded, 
which would create ideal conditions for Spartina alterniflora to grow.  
The abundance of S. spartinae increased with greater distance from the tidal creek 
network and Nueces Bay (Figure 2.7) and increased elevation (Figure 2.9), often forming 
almost monospecific stands in the marsh such as the area south of North Lake (Figure 
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2.8a).  This result corroborates other findings on the Gulf of Mexico coastline, where this 
species forms large meadows between lowland marshes and upland communities that are 
relatively stable over time (Scifres et al.1980).  The increase in vegetative cover of S. 
spartinae appeared to be the result of reduced tidal influence and a transition to upland 
plant communities.  Visual inspection of the resulting classified image also shows that the 
largest areas of S. spartinae are located further from Nueces Bay. 
Areas within 51 m of tidal creeks contained greater vegetative cover (Figure 2.7). 
The most likely explanation is the presence of the tidal creek network, which facilitates 
inundation and ameliorates high salinity. However, another potential reason for increased 
vegetative cover includes increased tidal deposition of seeds (Zedler et al. 1999).  I found 
that B. frutescens and S. virginica were most common closer to tidal creeks and the bay 
(Figure 2.7), and that in many areas of the lower marsh these species dominated the 
overall vegetative cover (Figure 2.8).   
It is important to document and monitor changes in vegetation patterns along the 
coastline. Changes in vegetation patterns in these areas could also indicate changes in 
erosion control and shoreline stabilization. Although this study focused on vegetation 
patterns, I also briefly examined erosion patterns along the Nueces Bay. Results indicate 
that significant shoreline erosion has been occurring along the Nueces Bay (Rasser, 
Appendix).  I documented erosion rates that averaged 2.5 meters per year from the period 
1997 – 2005 resulting in a total loss of 4.1 ha of habitat within the study area covered in 
this chapter.  At this rate of attrition, considerable loss of low marsh habitat is occurring, 
which may have long term negative impacts on the ecology of the Nueces River Delta.  
The lower marsh assemblage of B. frutescens and S. virginica appears to be most 
impacted by erosion as these species grow close to tidal creeks and Nueces Bay (Figure 
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2.8 and Figure 2.9).  An estimated 80 % of the area lost to erosion consists of this 
vegetation class (Rasser Appendix). Although outside the scope of this dissertation, 
further research into the relationship between vegetation and coastal geomorphology 
could provide valuable information on how anthropogenic changes may influence the 
ecology of the Nueces Marsh. 
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Chapter 3: The Relationship Between Halophyte Distribution and 
Elevation in the lower Nueces River Delta, Texas 
Abstract 
The relationship between elevation and the natural occurrence of several species 
of emergent vascular plants was examined in a deltaic m rsh system near Corpus Christi, 
on the southwestern Texas Coast.  Vegetation percent cover was estimated quarterly from 
November 2003 to November 2006 at 375 permanent plots located at 9 sites.  Soil 
elevation was measured for each plot using sub-centim ter real-time kinematic GPS.  
Cluster analyses determined that there were two significantly different co-occurring 
species assemblages (P < 0.05), one containing Borrichia frutescens, Salicornia virginica 
and Distichlis spicata and a second consisting of Batis maritima, Salicornia bigelovii and 
Lycium carolinianum.  Analysis of species groupings across an elevation gradient using 
non-metric multi-dimensional scaling and hierarchal cluster analysis indicated that these 
assemblages can be divided into a discrete low marsh s emblage (B. frutescens, S. 
virginica, and D. spicata) that occurs between 25-50 cm NAVD88 and a high marsh 
assemblage (B. maritima, S. bigelovii, and L. carolinianum) that occurs between 50-65 
cm NAVD88.   Most halophyte species were associated with elevation, with differences 
as little as 5 cm influencing plant distribution.  This strong relationship between elevation 
and species distribution indicates that abiotic factors play an important role in 
determining plant distribution.    
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Introduction 
The spatial patterns of salt marsh halophytes are often very complex and are 
believed to result from numerous abiotic and biotic fa tors that include competition 
(Bertness and Ellison 1987, Bertness 1991), nutrient availability (Valiela et al. 1985, 
Levine et al. 1998), and stressors such as salinity and flooding (Bertness et al. 1992, 
Penning and Callaway 1992, Pennings et al. 2005, Silvestri et al. 2005).  Elevation above 
mean sea level (MSL) and tidal patterns determine the frequency and duration of tidal 
flooding, which in turn influence oxygen and salinity in soil (Adam 1990).  Therefore, 
analysis of elevation can provide valuable insights in o the physical factors determining 
the distribution of salt marsh plants. 
Impending sea level rise stresses the importance of having a thorough 
understanding of the effects of higher MSL on vegetation patterns and processes.  The 
most conservative climate change models predict that global warming will cause a rise in 
MSL of about 50 cm by 2100 (Titus 1998).  In the Nueces Delta, located near Corpus 
Christi in southwestern Texas, much smaller changes in elevation may have profound 
influence on vegetation structure. For example, at levations less than 10 cm above mean 
sea level, the frequency of bare space approached 100%, while above 18 cm, bare space 
accounted for less than five percent of samples areas (Dunton et al. 2001). This difference 
may result from the small tidal amplitude (~15 cm) of the Nueces Delta (Ward 1985).  
Alternatively, the influence of sea-level rise on meso-tidal salt marshes may be relatively 
less important than imagined.  For example, modeled sea level rise scenarios related to 
global warming in the Tagus Estuary (Portugal) suggested that meso-tidal salt marshes 
were impacted minimally by sea-level rise (Simas et al. 2001). 
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In addition to understanding the potential effects of sea level rise, a mechanistic 
understanding of the elevations within which species occur is important for restoration 
efforts.  For example, planting for salt marsh restoration should be based upon elevation 
from nearby reference marshes because the elevation r nge of species can vary between 
marshes (Zedler et al. 1999).  Basic research on the relationship between elevation and 
species distribution provides important baseline data for restoration efforts. 
Elevation gradient analyses in the well studied marshes of the northeastern United 
States have focused on size variations of Spartina alterniflora.  For example, S. 
alterniflora may grow larger at lower elevations due to lower soil alinity and less 
accumulation of sulfides (Anderson and Treshow 1980, Howes et al. 1985).  Significant 
and sometimes conflicting research has also been condu ted in the more diverse 
California salt marshes regarding elevation and species distribution.  For example, early 
work by Hinde (1954) differentiated three major assemblages based on elevation and 
tidal inundation in these salt marshes.  However, more precise global positioning system 
(GPS) elevation measurements indicated that species ranges have considerable overlap 
and only a weak relationship occurs between species assemblages and elevation, (Zedler 
et al. 1999).   
Landscape position and microtopography may confound the utility of elevation as 
a predictor of salt marsh plant community structure (Z dler et al. 1999, Morzaria-Luna et 
al. 2004). One reason for this conclusion is that inundation rates can vary spatially 
because the complex geomorphology of salt marshes cau es an unequal distribution of 
tidal water masses.  For example, as much as a 300% difference in inundation frequency 
occurred between sites of the same elevation that were merely 2.5 to 5 km apart in 
Netherlands salt marshes (Bockelman et al. 2002). Biotic factors, such as competition and 
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facilitation, can also confound elevation and gradient analysis since both positive and 
negative interactions and abiotic forces are important in structuring plant communities 
(Bertness and Shumway 1993, Callaway and Walker 1997, Brewer et al. 1998).  
The effects of tidal patterns on salt marsh plant community structure are unknown 
for Gulf of Mexico Salt marshes (Pennings and Bertness 2001).  This present study 
examines the relationship between elevation and distribution of dominant plants at nine 
sites within a salt marsh in the western Gulf of Mexico.  The objective was to determine 
the relationship, if any, between species distribution and elevation for the dominant salt 
marsh plants in the Nueces River delta.  The specific questions were: (1) What are the 
common species assemblages in the lower Nueces Marsh? (2) Are there species specific 
patterns across elevation gradients? (3) What is the relationship between species 




The Nueces Marsh (27° 53' N, 97° 35' W) is an estuarine marsh in the western 
Gulf of Mexico near the Corpus Christi Bay (Figure 1) composed of almost 6,000 ha of 
salt marsh, tidal flats and creeks.  This region is characterized as micro-tidal with a daily 
average tidal amplitude of 15 cm. although, tidal surges from tropical storms and winter 
cold fronts can cause much higher but infrequent flooding throughout the marsh (Ward 
1985).  Water levels in the Nueces Marsh vary with these irregular events as well as tides 
and wind (Ward 1985).  Two impoundments, Lake Corpus Christi and the Choke Canyon 
Reservoir, have reduced natural flooding in the Nueces Marsh (U.S. Bureau of 
Reclamation 2000). 
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The two dominant plants in the lower Nueces Marsh were B. frutescens and S. 
virginica and are often found growing close to tidal creeks and Nueces Bay (Rasser, 
Chapter 2).  These two species often occur in distinct monotypic zones.  Sparsely 
vegetated salt meadows are common further away from the creeks and frequently contain 
Batis maritima and Monanthochloe littoralis.  At high elevations more distant from 
Nueces Bay, the lower salt marsh is bordered by brackish marsh dominated by Spartina 
spartinae (Rasser, Chapter 2). 
Field Data Collection 
  Sampling was conducted at three hundred seventy five plots, each with an area 
of 0.25 m2, that were permanently marked with plastic stakes at nine sites throughout the 
Nueces Marsh (Figure 3.1).  Vegetative cover was measured on a quarterly basis from 
November 2003 to November 2006. Each of the sampling points was located at one of 
the nine monitoring stations.  Several of these stations have been monitored for over a 
decade (Dunton et al. 2001). Sample plots were located systematically every two meters 
along three parallel 20 - meter transects placed 1 m apart at sites 51, 72, 54, 71, 70, 50.  
At three of the sites (1, 2, and 3) transects were 50 meters long and plots spaced 4 meters 
apart between the 24 and 50 meter marks. All transects began, at and ran perpendicular 
to, the edge of tidal creeks (Figure 3.2).  
In February 2007 elevation data were acquired at each of the vegetation plots 
using a survey real-time kinematic (RTK) GPS.  All measurements were collected at the 
soil surface and the vertical and horizontal accuray determined to sub-centimeter.  These 
data were linked to the vegetation data using a reltional database and exported for 
further statistical analysis.  The database used for the study was created using ArcInfo 
Geographic Information System Software (Redlands, CA) and Microsoft Access database 
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software.  All analyses were conducted using the current survey standard, North 
American Vertical Datum of 1988 (NAVD88).  At the time of analysis, no conversion 
was available from NAVD88 to mean sea-level.  Preliminary analysis by NOAA and the 
Texas height modernization program has determined that mean sea level in Nueces Bay 
is –17.5 cm and mean high water is -6.9 cm (NAVD88).  Mean sea-level may vary in the 
Nueces River delta. 
 
 
Figure 3.1.  Locations of long-term field data collection sites occupied in this study. 
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Figure 3.2. Schematic of transect sampling design at sites 451, 272, 254, 271, 270, and 
450.  Permanent plots were located systematically at 2 m intervals along 
transects adjacent to the tidal creek waterline. 
Data Analysis 
The average percent cover of each plant species for all quarterly censuses (November 
2003 to November 2006) was incorporated in multivariate analyses using Primer 6 
software (Plymouth Marine Lab, UK).  A resemblance matrix of the Bray-Curtis 
similarity index (Bray and Curtis 1957) was used to conduct hierarchal cluster analysis 
and non-metric multi-dimensional scaling (NMDS) of the square root transformed 
percent cover data (Clarke and Warwick 2001). Significant differences among subsets of 
species from the cluster analysis were determined using a similarity profile test 
(SIMPROF, Clarke and Warwick 2001).   
Elevation data were examined at a total of 375 plots across the nine sampling areas 
throughout the marsh (Table 3.1).  Three plots were excluded from analysis, one (at Site 
3) because elevation data was not collected and two o hers (at Site 270) due to flooding at 
the time of GPS surveys.  The elevation mean and variance within site was calculated for 
all plots (n = 31 – 60) in each site (Table 3.1).  Plots were grouped into one of nine 5 cm 
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wide categories except for three plots that were placed in a 10 – 25 cm NAVD88 
elevation category (Table 3.2).   
A cluster analysis was conducted using all 375 vegetation plots in order to examine 
whether there were common species regardless of elevation (Figure 3.4). Average species 
cover was plotted across the elevation gradient based on the 5 cm categories described 
above to examine species specific patterns (Figure 3.5a).  To determine the general shape 
of the species percent cover response to elevation curves were fit to this data using a 
cubic spline interpolation (Spline, Sigmaplot 10.0, San Jose, CA).  The use of a spline 
function is a general way of determining the shape of species response to environmental 
variables such as elevation (Ter Braak and Prentice 2004).  Finally, NMDS and cluster 
analysis were conducted on the same categorized data to determine if plots that were of 
similar elevation contained similar species composition. 
 
Results 
The nine sites sampled represent a range of distances from 602 m to 9,495 m from 
Nueces Bay (Figure 3.1).  Mean site elevation varied from 36.2 cm (Site 271) to 52.2 cm 
(Site 1).  Figure 3.3 presents a schematic diagram of site elevation along the sampling 
transect (Figure 3.2).  One obvious pattern is thatall representative sites increase in 
elevation at the start of the transect, with an area of high elevation being near the tidal 
creek.  Nine species (Table 3.3) accounted for the vast majority of sampled plants.  Of 
these, two species B. frutescens and S. virginica were most abundant, representing more 
percent cover than the other seven species combined (Table 3.3).  Although S. 
alterniflora was only present at 4 sites, all other species considered in this analysis 
occurred at 6 or more of the sites sampled (Table 3.3).  Other sampled plant species, such 
as Limonium nashii L. and Heliotropium curassavicum L., accounted for less than 0.5 % 
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of the total cover sampled and not included in thisanalysis. Bare area, characterized as 
non-vegetated soil not covered by wrack, was 39.9 % of the total cover.  The frequency 
of occurrence for species at each site ranged from only 4 sites for S. alterniflora to all 9 
sites for B. frutescens (Table 3.3). 
 
Table 3.1.  Site level data. Study sites were chosen to represent the entire marsh. 
Site Elevation 
Range 










1 42.2 – 64.7 52.2 
 
0.29 9495 60 
2 38.6 – 70.4 47.7 
 
0.41 8388 60 
3 18.3 – 66.0 47.8 
 
1.18 5660 59 
254 34.4 – 50.4 39.3 
 
0.14 3585 33 
270 10.6 - 85.5 41.6 
 
1.38 1464 31 
271 26.3 – 45.7 36.2 
 
0.17 2884 33 
272 29.2 – 44.5 37.7 
 
0.11 3944 33 
450 29.8 – 51.2 43.2 
 
0.19 602 33 
451 30.2 – 52.5 41.2 
 
0.33 2160 33 
    52 
Table 3.2.  Elevation categories used for analysis, number of plots at each site. 
Category Number Elevation Range 
(cm NAVD88) 
Number of Plots 
1 10-25 3 
2 25-30 6 
3 30-35 28 
4 35-40 77 
5 40-45 94 
6 45-50 76 
7 50-55 46 
8 55-60 27 
9 60-65 7 
10 65-70 8 
 
Table 3.3.  The nine most common halophytes sampled in the Nueces Marsh. Overall 
vegetative cover indicates mean values calculated across all sampling periods and plots. 
Common Name Scientific Name Sites Present 
(9 Sites sampled) 
Overall Vegetative Cover 
(%) 
sea-oxeye daisy Borrichia frutescens 9 24.6 
pickleweed Salicornia  virginica 7 10.1 
turtleweed Batis maritima 7 7.0 
salt grass Distichlis spicata 8 6.2 
smooth cord grass Spartina alterniflora 4 2.8 
Wolfberry Lycium carolinianum Walt. 9 2.4 
dwarf saltwort Salicornia bigelovii 6 2.1 
salt-flat grass Monanthochloe littoralis 4 1.3 
southern sea blite Suaeda linearis 6 0.5 
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Distance from Tidal Creek (meters)



























Figure 3.3.  Schematic of site elevation along the sampling transect for 5 representative 
sites in the Nueces Delta.  Elevation values are bas d on the mean (n = 3) 
elevation along the transect based on distance from tidal creek.  For site 1, 
only the first 20 m of the transect is included for c mparison purposes.  
Horizontal lines at 25 cm and 55 cm elevation denots general elevation 
ranges for the upper and lower marsh assemblages det rmined through 
NMDS 
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Cluster Analysis of Species Assemblages 
 A cluster analysis that omitted elevation data (Figure 3.3) illustrated that two 
significantly different (P = 0.05, SIMPROF) subsets of species occurred within t e 375 
plots.  These subsets included (1) B. frutescens, S. virginica, D. spicata and  (2) S. 
bigelovii, L. carolinianum and B. maritima.  The three remaining species, M. littoralis, S. 
linearis, and S. alterniflora were not a significant component of either of the two clusters 













































































Figure 3.4.  Cluster analysis of categorized species data. Red lines delineate significantly 
different clusters ( SIMPROF, P = 0.05). 
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Species Patterns along an Elevation Gradient 
Species distributions were similar across sites but species distribution at the same 
elevation across sites could not be accurately compared because of insufficient data.  For 
example, the elevation category at a particular site might represent only one quadrat. 
Therefore, I pooled data across sites to examine the relationship between species and 
elevation regardless of site (Figure 3.5a). 
Bare area was highest at the lowest elevation (10 – 35 cm) and at the regions 
between 45 – 60 cm.  The two most common species, Borrichia frutescens and Salicornia 
virginica, were most abundant at an elevation range of 25 – 50 cm (NAVD88). Four 
species, Lycium carolinianum, Batis maritima, Suaeda linearis and Monanthochloe 
littoralis, were abundant at elevations greater than 50 cm.  S. bigelovii and M. littoralis 
were most common between 55 – 65 cm, an elevation range associated with a high 
percentage of bare area. S. bigelovii was the only species that was dominant within this 
elevation range. L. carolinianum was increasingly abundant at the higher elevations 
(Figure 3.5a).  D. spicata abundance did not appear to be related to elevation.  
To generalize the plots from figure 3.5a the respone of the seven most common 
species is interpolated across an elevation gradient (Figure 3.5b).  It is apparent that the 
species within similar clusters (Figure 3.4) share similar responses in percent cover 
across an elevation gradient.  S. alterniflora, which did not fit into any cluster (Figure 
3.4) is unique in that it has the highest percent cover at the lowest elevations. 
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Figure 3.5a.  Average percent cover of halophytes and bare area with respect to soil 
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Elevation (CM NAVD88)






















Figure 3.5b.  Percent cover of species across an elevation gradient for the seven most 
common species sampled in the Nueces Marsh. Color (blue and yellow) 
represent species in significantly different cluster  (see Figure 3.4).  Lines 
are spline curves fit to average percent cover for all sampling dates and 
times (See Figure 3.4). 
Analysis of Categorized Data 
To further examine whether community composition was related to elevation, I 
constructed an NMDS plot based on species composition of the elevation bins and 
superimposed the codes for each elevation category (Table 1).  The resulting plot (Figure 
3.6) determined that there were five major clusters hat were at least 60% similar based 
primarily on elevation.  The only elevation category that did not group with similar 
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elevations was category two.  The five distinct clusters can be grouped into the following 
















Figure 3.6.  NMDS plot of Bray-Curtis similarity ofspecies percent cover for elevation 
category data . Data grouped from all sites.  Elevation categories are 
superimposed on plot (see table 3.2). Lines around groupings represent 
clusters that are at least 60% similar. 
I used the elevation category data to perform a cluster analysis that included a 
similarity profile test (SIMPROF, Primer-E) to determine whether the assemblages 
detected from the NMDS were significantly different.  The resulting dendrogram (Figure 
3.7) showed that the similarity of the resulting clusters resembles the NMDS plot (Figure 
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3.6) and identified two significantly different clusters; categories 2 through 6 (25 - 50 
cm)  and 7 through 9 (50 - 65 cm). 
 
 











Figure 3.7.  Cluster analysis of community similarity based on elevation categories.  
There are two significantly different clusters (elevation bins 2-6 and 7-9). 
 
Discussion 
Without including elevation information cluster analysis of all 375 plots revealed 
that were two significantly different assemblages: one containing B. frutescens, S. 
virginica and D. spicata and a second containing B. maritima, S. bigelovii and L. 
carolinianum (Figure 3.4).  This result is consistent with remote sensing observations at a 
larger scale which found B. frutescens and S. virginica in the lower marsh areas (Rasser 
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Chapter2).  Although these species are found frequently in Texas (Kunza 2006) these 
assemblages have not been documented in other salt marshes.  Perhaps the most similar 
vegetation assemblages occur elsewhere in the Gulf of Mexico and California.  B. 
frutescens is one of the dominant plants in salt marshes of the eastern Gulf of Mexico, 
however S. alterniflora is often a co-dominant (Pennings et al. 2005).  In co trast, B. 
frutescens is absent from California salt marshes, which is generally dominated by S. 
virginica (Zedler et al. 1999). 
The patterns between species and elevation averaged across all sites (Figure 3.5a 
and 3.5b) suggested species abundance was related to elevation.  No species exhibited a 
flat distribution relative to soil elevation, which would have indicated a lack of influence 
of elevation on species distribution (Silvestri et al. 2005).  Most species were more 
common at either lower elevations of 25 – 50 cm (B. frutescens, S. virginica, D. spicata) 
or at a higher elevation of 50 –  65 cm (S. bigelovii, L. carolinianum, S. linearis, B. 
maritima, M. littoralis).  S. alterniflora was common at the lowest elevations (Figure 
3.5a). 
Bare area was highest at the low elevation range (10 – 30 cm) and at an 
intermediate elevation of 45-60 cm, suggesting thatese elevation ranges contain the 
highest abiotic stress.  The high percentage of bare area at the lowest elevation may be 
caused by the physiological stress from more frequent tidal inundation.  At intermediate 
elevations higher salinity is common in salt marshes (Pennings and Bertness 2001), 
which may cause more bare area occurring between 45 – 60 cm.  Higher salinity may 
also be the cause for sites 1, 2 and 3 (Figure 3.4a) having the most bare area as these sites 
are located furthest from Nueces Bay (Table 3.3) and the Nueces Marsh has been 
demonstrated to function as a reverse estuary (Ward et al. 2002). 
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Examination of the more generalized spline interpolati ns of percent cover 
(Figure 3.5b) illustrates the similarity in response to species that are within the same 
cluster.  B. frutescens, S. virginica, and D. spicata were found in a significantly different 
cluster (Figure 3.4) and have similar response curves and elevation ranges (Figure 3.5b).  
Similarly, S. bigelovii, L. carolinianum, S. bigelovii and B. maritima are less abundant, 
but share similar distribution at a higher elevation gradient.     
The MDS plot (Figure 3.6) based on species composition of the elevation bins 
(Figure 3.4) showed that plots of similar elevation had similar species composition. 
Elevation categories grouped together indicated that t e plots in those categories were 
more similar as measured by the Bray-Curtis similarity index.  At 60% similarity there 
were 5 separate clusters were identified.  Category 1 was most dissimilar from the other 
clusters probably because this elevation range was the only one dominated by Spartina 
alterniflora (Figure 3.3).  Elevation category 10 was also uniqe in that it contained a 
high cover of both B. frutescens and L. carolinianum.  The cluster of elevation categories 
3 – 6 (30 – 50 cm) was the same range where B. frutescens, S. virginica and D. spicata 
were most abundant.  Similarly the elevation categori s of 7 – 9 (50 – 65cm) were 
dominated by B. maritima, S. bigelovii and M. littoralis.   
The cluster analysis (Figure 3.7) and a similarity profile test (SIMPROF, Primer-
E) identified categories 2 – 6 and 7 – 9 as being significantly different (P < 0.05).  These 
results suggest that two distinct assemblages that are predicated upon elevation.  Co-
occurring species included a low marsh assemblage at 25 – 50 cm dominated by B. 
frutescens, S. virginica, and D. spicata, and a second assemblage at 50 – 65 cm 
dominated by B. maritima, S. bigelovii and M. littoralis.  Although significant evidence 
for discrete assemblages of species was not found in an analysis of elevation profiles and 
vegetation patterns in a California salt marsh (Zedler et al. 1999), small changes in 
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elevation may significantly influence species distribution. For example, halophytes were 
a reliable predictor of elevation with a standard deviation of less than 5 cm (Silvestri et 
al. 2003). 
Although the community composition of elevation category one (10-25 cm) was 
very dissimilar (Figure 3.6), it was not significantly different according to the SIMPROF 
test (Figure 3.7).  This elevation category was dominated by S. alterniflora (Figure 3.4) 
and relatively few plots (n = 3, Table 3.2) may have influenced the results of this 
statistical test.  Three plots that contained S. alterniflora at the edge of the tidal creek at 
site 270 were not included in this analysis because they were flooded at the time of the 
elevation survey.  The results are not surprising given the fact that the boundary of S. 
alterniflora is often associated with the water line (Li et al. 2005). 
Using the tidal conversion from the White’s point gau e, mean sea level in 
Nueces Bay is -17.5 cm NAVD.  The actual mean sea-level within the Nueces River 
Delta may be higher than that of the Nueces Bay mean s  level.  For example, mean sea-
level averaged 23 to 26 cm higher inside a salt marsh than on the open coast in a salt 
marsh in California (Sadro et al. 2007).  Winds may also be important in determining sea-
level relative to Nueces Bay.  Strong north winds, e pecially from winter cold fronts, 
drive water out of the Nueces River Delta into Nueces Bay.  Alternatively, south-east 
winds which are predominant on the south Texas Coast could cause the water level to be 
higher in the Nueces Delta relative to Nueces Bay.  This difference would be prominent 
during the summer when the trade winds are stronger and more consistent (Ward 
Personal Communication).  
The results demonstrate that species distribution in the Nueces Marsh is linked 
with elevation.  This result supports a growing body of literature in recent years 
examining the relationship between salt marsh community structure and elevation (Zedler 
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et al. 1999, Silvestri et al. 2003, Silvestri et al. 2005, Sadro et al. 2008).  The strong 
relationship between elevation and plant community structure agrees with the observation 
that differences of less than 5 cm can affect salt m rsh plant distributions (Silvestri et al. 
2003).  Variability observed between species distribu ion due to differences in frequency 
and duration of inundation, may help explain the distribution of salt marsh plants 
(Bockelman et al. 2002).  In addition, the depth of water table can be an important factor 
in determining the distribution of salt marsh plants (Bornman et al. 2008).  This study 
provides important baseline data necessary to understand the importance of physical 
factors in determining the distribution of plants in the Nueces Marsh.  
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Chapter 4: The Relative Role of Abiotic and Biotic Processes in 
Determining the Zonation of Borrichia frutescens and Salicornia 
virginica in the Nueces River Delta, Texas 
Abstract 
A reciprocal transplant experiment tested the relative influence of abiotic 
conditions and biotic processes in determining the zonation patterns of the two dominant 
species, Borrichia frutescens and Salicornia virginica, in the lower Nueces Marsh near 
Corpus Christi, Texas. This study tests the hypotheses that competition limits S. virginica 
growth in the B. frutescens zones, whereas abiotic factors limit B. frutescens survival in 
the S. virginica zone.  Results indicate that transplanted B. frutescens survival was 
significantly greater in its own zone (P < 0.05) than in the S. virginica zone at all four 
study sites.  Overall survival of B. frutescens was very low in both zones, limiting the 
interpretation of size measurements.  However, no differences in survival or growth of S. 
virginica occurred between transplants of this species in the B. frutescens zone and 
transplants in its own zone. Furthermore, S. virginica growth was significantly greater (P 
< 0.05) with neighbor removal than with neighbors in both zones.  This suggests that 
competitive interactions are more important than facilit tion. Analysis of sediment 
characteristics revealed that salinity, soil moisture and porewater ammonium were highly 
variable, both temporally and spatially. Soil moisture was higher in the S. virginica zone 
on average, but the difference was significant only during one sampling date.  These 
results support the hypotheses that B. frutescens survival is limited by abiotic factors 
whereas S. virginica may be competitively displaced from the B. frutescens zone.  In 
general, this study supports the current paradigm that there is an inverse relationship 
between a plants ability to tolerate stress and compete for resources. 
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Introduction 
Zonation patterns observed in salt marsh plant communities are believed to be 
related to both physical stress and biotic interactions.  The current paradigm is that there 
is an inverse relationship between a plant’s ability to tolerate stress and compete for 
resources (Levine et al. 1998, Bockelman et al. 2002).  Implicit in this model is the 
assumption that no species can be both a superior st ess tolerator and competitor. 
Therefore, it is believed that species more able to tolerate stress are limited to growing in 
physically stressful habitats whereas those that are better competitors dominate in less 
stressful habitats (Greiner et al. 2001). 
Salt marshes are typified by harsh edaphic conditions that are predominantly 
caused by tidal influences that both inundate the soil and increase salinity.  As such, the 
patterns observed in salt marsh plants are often influenced by elevation (Rasser, Chapter 
3).  Regularly flooded salt marshes often contain distinct vegetation zones parallel to the 
shoreline, with the lower limit set by inundation ad the upper limit by salinity (Pennings 
and Bertness 2001).   
Neighboring plants in salt marsh communities can interact with each other both 
negatively and positively through competition and facilitation (Bertness and Ewanchuk 
2002, Bertness and Leonard 1997, Bruno et al. 2003).  Halophytes can facilitate 
neighbors by stabilizing substrate and shading soil, thus limiting salt buildup (Bertness 
1991, Bruno 2000).  For example, Egerova et al. (2003) demonstrated through 
experiments and field surveys that Spartina alterniflora facilitated the colonization of 
sites by Baccharis halimifolia by trapping seeds and creating favorable micro-sites with 
lower soil salinity and higher moisture levels.  Similarly, Juncus gerardi can facilitate the 
occurrence of other species by reducing soil salinity and oxygenating the soil (Hacker 
and Bertness 1995, Hacker and Bertness 1999).  For example, in a New England salt 
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marsh, colonization of bare patches by Distichlis spicata and Spartina patens facilitated 
the colonization of Juncus gerardi (Bertness 1991). 
It is not known whether the general ecological principles used to describe 
zonation of salt marsh plants in many areas are applic ble in irregularly flooded salt 
marshes. Most field experiments examining zonation patterns of salt marsh plants have 
been limited to a small number of study sites (Bertness and Ewanchuk 2002) and few of 
those studies examined zonation in irregularly flooded salt marshes, such as those in the 
western Gulf of Mexico.  Furthermore, results from field experiments are difficult to 
extrapolate beyond the studied system (Pennings et al. 2003).  
 There may be geographic variation in the relative importance of physical factors 
and competition.  For example, abiotic conditions may be more important in physically 
stressful environments such as in the salt marshes of the southern United States because 
of higher evapotranspiration rates there (Bertness and Shumway 1993).  In addition, 
irregular flooding may make abiotic conditions more variable over time.  However, plants 
at sites in Georgia and Alabama usually responded positively to neighbor removal despite 
the associated side effects of higher soil salinities (Pennings et al. 2003).  Plant zonation 
could not be explained by the displacement of competitiv ly subordinate plants to areas 
of high physical stress in an irregularly flooded salt marsh in southern Brazil (Costa et al. 
2003).  Reciprocal transplants of the three dominant salt marsh species (Spartina 
alterniflora, Spartina densiflora and Scirpus maritimus) survived across elevation 
gradients throughout the marsh.  Founder effects and selective herbivory provide 
alternative hypotheses to explain zonation patterns in these irregularly flooded marshes 
(Costa et al. 2003). 
Unlike other salt marsh vegetation communities thathave been studied in North 
America, the lower Nueces Marsh is dominated by a clonal shrub, Borrichia frutescens 
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and a perennial succulent, Salicornia virginica (Rasser Chapter 2). The emergent grass 
Spartina alterniflora, is a dominant species in many eastern United States salt marshes, 
but represents less than 1% of the relative vegetativ  cover of the Nueces Marsh (Rasser 
Chapter 2).  Interactions between B. frutescens and S. virginica have not been well 
studied although they are frequently observed growing in adjacent zones throughout the 
Nueces Marsh and are very common in Texas salt marshes.  A recent survey of Texas salt 
marshes indicated that these species were the two enc untered most frequently (Kunza 
2006).    
The objective of this experiment was to examine the relative importance of abiotic 
and biotic factors in determining B. frutescens and S. virginica zonation. In addition, 
abiotic soil characteristics were assessed in each zone.  I hypothesize that S. virginica was 
excluded from the B. frutescens zone by competitive displacement whereas abiotic 




 The Nueces Marsh is a deltaic marsh system northwes of the City of Corpus 
Christi (27° 53' N, 97° 35' W) in south Texas.  Tides are irregular and micro-tidal with an 
average daily amplitude of 15 cm (Ward 1985).  The two dominant species assemblages 
are a high marsh assemblage of Batis maritima, Salicornia bigelovii and Lycium 
carolinianum occurring at an elevation of 50 – 65 cm (NAVD88) and a lower marsh 
assemblage of B. frutescens and S. virginica occurring at an elevation of  20 – 50 cm 
(NAVD88) (Rasser, Chapter 2).  B. frutescens and S. virginica comprise most of the 
biomass in the lower Nueces Marsh and are often observed growing in distinct zones 
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The Nueces River delta has been impacted by the construction of dams that have 
formed two reservoirs, Choke Canyon Reservoir and Lake Corpus Christi.  This 
alteration in hydrology has reduced freshwater inflow by as much as 99% (U.S. Bureau 
of Reclamation 2000) and increased salinity in the Nueces River delta.  Fluctuations in 
salinity within the water column and sediment can vary over time.  For example, the 
salinity of Nueces Bay has ranged from < 1ppt to 44.4‰ in response to variation in 
rainfall (Forbes and Dunton 2006).  The importance of freshwater to estuarine health has 
prompted efforts to increase freshwater inflow by establishing overflow channels to 
distribute water into interior portions of the delta and experimenting with releasing 
treated wastewater (U.S. Bureau of Reclamation 2000, Ward et al. 2002). Such efforts 
have contributed to decreased salinity and increased diversity of vegetation and benthic 
communities (Ward et al. 2002). 
For this study I selected four plots in the Nueces Marsh that were dominated by 
Borrichia frutescens and Salicornia virginica.  A detailed elevation survey using a laser 
level at sites 450, 451 and 254 found that the B. frutescens zone was on average 11.0 cm 
higher than the S. virginica zone.  Generally B. frutescens zones were close to tidal creeks 
and the S. virginica zones were close to the non-vegetated areas (for example, see Figure 
4.1).  Plots were chosen at various distances from Nueces Bay to represent the entire 



























































Figure 4.1.  Generic zonation patterns between B. frutescens and S. virginica at study 
sites in the Nueces Marsh.  The B. frutescens zone was closer to the tidal 
creek and higher in elevation than the S. virginica zone (Rasser, Chapter 2 
and Chapter 3).  Elevation and distance measurements are approximate.
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Figure 4.2.  Location of four study plots within the Nueces Marsh.  Locations were 
selected to be representative of the entire marsh.
 71 
Experimental Design 
In late winter 2006 about 200 B. frutescens and 200 S. virginica plants were 
collected from the Nueces Marsh.  Prior to the start of the experiment these plants were 
grown at the University of Texas Marine Science Institute in peat pots containing soil 
collected from the same marsh site. The heights of all plants were measured and 80 plants 
of each species and of similar height were selected for the experiments to reduce size-
dependent effects.  
A reciprocal transplant was conducted at each of the four plots (Figure 4.2).  In 
each plot, two subplots, one subplot located in the monospecific zone of each species, 
were selected.  Each subplot was approximately 100 m2.  In each subplot, there were 10 
B. frutescens transplants and 10 S. virginica transplants, for a total of 20 transplants of 
each species in each plot, and a total of 20 transpl ts in each subplot.  The two species 
were randomly intermingled within each subplot.  Transplants were planted at least 1.0 m 
apart in each subplot.  A competition removal treatment was randomly imposed on half 
of the plants of each species in each subplot, resulting in four possible treatment 
combinations (2 zones X +/- removal of neighbors) and five replicate transplants per 
species per treatment combination.  The design was therefore a split-plot, but with the
zone X plot interaction confounded with subplot (because there was only one subplot per 
zone per plot) (Figure 4.3).   
The competition removal treatment was imposed by clipping all vegetation in a 
0.25 m2 area around each treated transplant. A solution of 41% glyphosate (Roundup, 
Monsanto Corporation) was applied to all clipped stems using a small paint brush.  
Below-ground roots were severed to a depth of 30 cm with a flat spade around the edges 
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of the clipped area.  Competitor removal was repeated in August, but re-growth was 
minimal and no further treatment was required after that time. 
All planting and competition treatments were completed by the start of the 
experiment on 21 April 2006.  On this date all dead plants were replaced.  Twenty-two of 
the 160 (14%) transplants were replaced.  Most (19 of 22) of those replaced were B.
frutescens (9 in the B. frutescens zone and 10 in the S. virginica zone).  The first census 
was conducted on 9 May 2006.  Transplants dead in this census were retained in the data 
set.  This decision was based on the relatively low mortality rates observed prior to April 
21, combined with the observation that most of the deaths between 21 April and 9 May 
were B. frutescens plants in the S. virginica zone.  The deaths after April 21 therefore 
appeared to reflect the unsuitability of the S. virginica zone for B. frutescens, rather than 











Example of 1 Plot
 
 
Figure 4.3.  Schematic split-plot design of the reciprocal transplant experiment. Each plot 
contains two zones (sub-plots).  Location of transplant and treatment 
(species, competition removed) were imposed randomly. 
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Physiochemical Measurements 
Ten centimeter soil cores were extracted using a 3 cm diameter metal core, five 
times during the experiment (21 April 2006, 28 June 2006, 8 August 2006, 20 September 
2006, and 14 November 2006).  A total of four cores were extracted from each plot x 
zone x competition treatment combination. Soil cores for determination of porewater 
ammonium were frozen until analysis.  Each thawed sample was centrifuged at 10,000 
rpm for 20 minutes to extract porewater.  Porewater mmonium levels were determined 
(Parsons et al. 1984).  Soil moisture was determined gravimetrically by drying the soil at 
60° C for three days and calculating soil moisture based on the wet weight.  For 
porewater salinity a known volume of deionized water was added to the soil in the dried 
sample, the sample was stirred, and the salinity of the supernatant was recorded after 24 
hours using a refractometer. The field soil salinity of the sample was estimated by 
calculating the original salinity of the soil given the known volume of soil moisture.
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Transplant Survival and Growth 
All plots were inventoried for plant condition five times during the course of the 
experiment (9 May 2006, 28 June 2006, 8 August 2006, 2  September 2006, and 14 
November 2006).  During each census mortality was scored and the length of each 
transplant leaf measured to the nearest millimeter using dial calipers. Total leaf length 
was used as a measure of plant size for both species.  Any plant that contained no green 
leaves during any of the censuses was considered dead.  Five plants in the experiment 
during a particular census had no leaves but during the following census did have leaves.  




All statistical analyses were conducted using SAS software (SAS Institute Inc., 
Cary, NC).  ANOVA was used to compare the effects of pl t, zone, and competition 
treatment on each dependent variable.  Dependent variables were porewater ammonium, 
soil salinity, and soil moisture, and, for each species separately, total leaf length and 
survival.  Survival was quantified as 1 + the number of the last census on which a plant 
was alive, so it took values from 1 (dead at the 1st census on 9 May, the first census) to 6 
(still alive at the 5th census, on 14 November).  The total leaf length of each transplant 
was log-transformed to improve normality.  Separate analyzes of total leaf length were 
made for each census.  Where soil moisture differed among plots, plot soil moisture 
means were compared using the contrast statement of the GLM procedure of SAS.  Due 
to the design of the experiment (i.e., only one subplot per zone per plot) the plot x zone 
term represents both the effects of any interaction between plot and zone and also random 
differences among subplots within plots not associated with zone.  This term was the 
denominator for the tests of zone and plot in the ANOVAs.  Competition treatment, plot 
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X competition, and zone X competition were all tested using the plot X zone X 
competition interaction as the denominator wherever sample size permitted; where 
sample sizes was too small (due to transplant deaths) this three-way interaction was 
pooled with the error and the pooled term was used a  the denominator in its place.   
Results 
Soil Parameters 
Soil Porewater Salinity 
None of the differences in salinity were significantly different (Table 4.1).  Mean 
salinity in the S. virginica zone was 37.5‰ and ranged from 10.1‰ to 98.8‰ (Table 
4.1).  Mean salinity in the B. frutescens zone was 35.6‰ and ranged from 2.9‰ to 
87.0‰.  There were also no differences in salinity between the plots with neighbors and 
without neighbors (Table 4.1).  Average soil salinity varied over time and was highest in 
May and lowest in September (Figure 4.4).  The distribution of salinity values differed 
between zones, with the lowest salinity values (0 –1 ‰) in the B. frutescens zone and the 
highest (90 – 100‰) in the S. virginica zone (Figure 4.5). 
 
Table 4.1.  Porewater salinity data for zone and neighbor removal. Values compiled from 
all five samplings dates. 
  Salinity (‰)   
Treatment Mean salinity  Standard deviation Range n 
S virginica Zone 37.5 19.5 10.1 to 98.8 160 
B. frutescens Zone 35.6 19.6 2.9 to 87.0 161 
Plots with neighbors 35.6 18.7 2.9  to 89.3 158 
Plots without neighbors 37.4 20.3 3.4  to 98.8  163 
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Figure 4.4. Average porewater salinity for each vegetative zone from May to November 
when transplants were in the field.  Salinity was not significantly different  
between zones. Bars are standard deviations.
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Figure 4.5.  Distribution of all porewater salinity measurements (n = 321).  The highest 
salinity measurements occurred in the S. virginica zone and the lowest in the 




Soil moisture was not significantly different between competition removal 
treatments.  There was a significant difference (P < 0.05) in soil moisture among plots. 
Plot 450 (the plot closest to Nueces Bay) had significantly higher soil moisture than all 
other plots during the first two censuses (Figure 4.6). Soil moisture was higher in the S. 
virginica zone by approximately 3 - 4 percentage points at every census (Figure 4.7), 
consistent with field observations that the soil in the S. virginica zone appeared to be 
saturated more often than the soil in the B. frutescens zone.  However this difference was 
only statistically significant at the first census. 
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Figure 4.6.  Soil moisture for each of the experimental plots during the duration of the 
field experiment.  Plot 450 had significantly higher soil moisture than the 
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Figure 4.7.  Soil moisture within each vegetation ze.  Although the S. virginica zone 
had higher soil moisture at every census the differences were only 




Porewater ammonium was very variable (Table 4.2) and there were no significant 
differences in any of the treatments.  In September, the differences between zones 
approached significance (P = 0.0708), with porewater ammonium values in the S. 
virginica zone higher (x   = 152.4 µM, range = 38.9 - 382.0 µM) than in the B. frutescens 
zone (x   = 54.4 µM, range = 18.5 – 107.2 µM).   
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Table 4.2. Porewater ammonium (µm) for each of the censuses by zone.  There were no 
significant differences (P > 0.05) between zones. 
Date Treatment Zone  n  Mean  Minimum Maximum Standard Deviation 
May B, frutescens 25 193.8 79.2 409.0 73.5 
May S. virginica 31 166.5 87.7 278.2 42.5 
Jun B, frutescens 29 144.3 73.1 293.6 48.1 
Jun S. virginica 30 154.8 48.8 258.8 50.5 
Aug B, frutescens 31 115.7 5.1 235.0 54.6 
Aug S. virginica 31 138.2 51.5 325.8 63.6 
Sep B, frutescens 32 54.4 18.5 107.2 24.4 
Sep S. virginica 32 152.4 38.9 382.0 93.1 
Nov B, frutescens 32 74.2 34.4 127.0 24.6 
Nov S. virginica 31 66.1 7.6 130.1 29.3 
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Transplant Survival  
There was a trend of lower B. frutescens survival in the S. virginica zone than in 
the B. frutescens zone (Figure 4.4a). In contrast, survival of S. virginica was similar 
between zones (Figure 4.4b).  The number of surviving plants decreased for both species 
over time.  However, survival was much lower at the completion of the experiment for B.
frutescens (B. frutescens zone = 26.8%, S. virginica zone = 5.0%) than S. virginica (B. 
frutescens zone = 49.3% S. virginica zone = 50.4%).  The lifespan of B. frutescens, 
measured as average of log10 (1 + final census present), was significantly lower in the S. 
virginica zone than in the B. frutescens zone (P = 0.0315).  No other terms in the 
ANOVA were significant.  There were no significant effects of any term on the lifespan 



















Figure 4.8a.  Percent surviving (log10 plot) from the start of the experiment (21 April) to 
the end of the experiment (14 November) for B. frutescens transplants 
growing in the S. virginica and B. frutescens zones.   
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Figure 4.8b.  Percent surviving (log10 plot) from the start of the experiment (21
 April) to 
the end of the experiment (14 November) for S. virginica transplants 
growing in the S. virginica and B. frutescens zones.   
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Figure 4.9.  Average of log10 (1+ final census present) for B. frutecens and S. virginica in 




For S. virginica, total leaf length per transplant was not significantly among the 
four plots or between the two zones.  However, it tended to be greater for transplants with 
no competition (neighboring plants removed) than for transplants with competition from 
neighbors (neighboring plants not removed), reaching s gnificance in the September ( F1,2  
= 11.65, P =  0.0421) and November (F1,2  = 41.52, P =  0.0232) censuses (Figure 4.10a). 
For transplants without neighboring competitors, aver ge total leaf length per S. virginica 
transplant increased from 123 mm to 1,187 mm from 9 May to 20 September. At two 
censuses (8 August and 20 September) one plot with ne ghbors had larger plants (Figure 
4.10c). There was a significant interaction between plot and competition in the August 
census (F3,45 = 3.52, P =  0.0224).  At this census plants in plot 253 with neighbors were 
larger. 
There was no significant effect of site, competition or zone or their interactions on 
total leaf length per B. frutescens transplant on any date.  In general, B. frutescens 
transplant size declined from the start of the experim nt in May through September, and 



























Figure 4.10a.  Size (log10 plot, total leaf length) of S. virginica growing with competitors 























Figure 4.10b. Size (log10 plot, total leaf length per transplant) of B. frutescens growing 
with competitors (filled circles) and without competitors (unfilled circles).  
There were no significant differences between treatm n s.
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Plot 450 no competition
Plot 253 competition 
Plot 253 no competition
Plot 451 competition
Plot 451 no competition
Plot 454 competition
Plot 454  no competition 
Salicornia virginica
 
Figure 4.10c. Differences in plant size (log10 plot, total leaf length per transplant) among plot-




Both porewater salinity and ammonium were spatially and temporally very 
heterogeneous.  Despite prediction of higher salinity i  the S. virginica zone, no significant 
differences in salinity occurred between the zones at any of the censuses (Figure 4.5).  
Irregular tides in the Nueces Marsh may create higher spatial and temporal variability of 
sediment characteristics than detected during the synoptic measurements.  A similar study also 
did not report significant differences in porewater characteristics across an elevation gradient 
in an irregularly flooded salt marsh in Brazil (Costa et al. 2003). 
Soil moisture was consistently higher in the S. virginica zone than in the B. frutescens 
zone, although the differences were mostly not significant.  Higher soil moisture may benefit 
S. virginica physiologically as it has a higher rate of summer water loss than B. frutescens 
(Antlfinger and Dunn 1983). However, S. virginica fared well in the B. frutescens zone 
despite lower soil moisture, suggesting that soil water content is not an important abiotic 
factor in determining the relative zonation of these species. This finding validates the research 
conducted by Mahall and Park (1976A), which indicated hat soil moisture is generally not 
considered important in determining plant distribution in salt marshes. 
Differences in nutrient availability are important i  determining zonation in some salt 
marsh plants.  For example, fertilization altered competitive relationships among Spartina 
alterniflora, Spartina patens, and Juncus gerardi (Levine et al. 1998).  In the Nueces marsh, 
however, levels of porewater ammonium did not differ significantly between vegetative 
zones.  This suggests that differences in nutrients are not important in salt marsh plant 
zonation in the Nueces Marsh. 
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Other field experiments suggest that neighbor removal by clipping vegetation can 
cause an increase in soil salinity (Bertness et al. 1992).  For example, Pennings (2003) found 
that soil salinities increased when vegetation was clipped in salt marshes in Georgia and 
Alabama, and a significant interaction was observed b tween neighbor removal and zone, 
suggesting that plant species can differentially alter their abiotic surroundings.  However, I 
found no trends of increasing porewater salinity betwe n clipped and unclipped plots.  It may 
be that they would be present at other times.  For example, amelioration of soil salinity by 
vegetation varied between years in New England salt m rshes (Bertness and Ewanchuk 2002). 
The extreme variability of environmental variables such as salinity is not surprising, 
because the Nueces Marsh is a semi-arid system with irregular wind driven tides.  Like the 
present study, Costa et al. (2003) did not detect differences in porewater characteristics 
between vegetation zones in an irregularly flooded in marsh in southern Brazil.  However, the 
system studied in Brazil had an average porewater slinity less than 20‰.  Long term field 
sampling in the Nueces Marsh has demonstrated that there is a great deal of variability in 
porewater salinity (Fig. 4.12).  At any one time porewater salinities can range from 0 to over 
100‰.  In 2006, the year this field experiment was conducted, porewater salinity values were 
particularly variable.  Porewater salinity can have a negative impact on growth of B. 
frutescens at 30‰ (Rasser, Chapter 5).   
This experiment was preceded by an extended dry period interrupted by only one 
major rain event during the entire growing season.  From December 2005 through late May 
2006, the weather station at nearby Corpus Christi A rport recorded 2.62 inches, the lowest 
amount of rain ever recorded for that period. These conditions caused elevated soil salinities 
at the start of the experiment (Figure 4.6).  However, from May 28th through June 2nd 12.5 
inches of precipitation were recorded (National Weath r Service).  The rains probably flooded 
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the experimental sites, further stressing the plants.  Conditions were dry throughout the 


























Figure 4.11.  Porewater salinity values for nine sampling sites sampled quarterly throughout 
the Nueces Marsh for the period 2003-2008, a total of 2,712 porewater samples 
(Dunton, unpublished data).  Note the large range of values, particularly in 2006, 
the year this study took place. 
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Figure 4.12.  Water level in relation to mean high water at White Point on Nueces Bay during 
the time transplants were deployed in the field.  Data is from the Texas Coastal 
Ocean Observation Network.  Actual water levels at experimental sites would 
have varied.  Porewater was sampled on each census date. 
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One source of environmental variability in the Nueces Marsh is irregular water levels.  
Small changes in elevation (about 5 cm) have been shown to influence plant distributions in 
the Nueces Marsh (Rasser, Chapter 3).  Therefore it is possible that the short term changes in 
water level observed in the Nueces Bay, of about 0.3 meters above mean high water (Figure 
4.12), may cause a significant change in abiotic conditions and result in plant mortality.  
Although flooding did not cause mortality in a greenhouse experiment involving these species 
(Rasser Chapter 5) the interactive effects of salinity and flooding were not tested.  As a result, 
the greenhouse flooding treatment may not have adequat ly represented field conditions.  It is 
also appears that sampling of porewater salinity was conducted during times of low water 
levels (Figure 4.12).  Therefore, the variability in porewater characteristics due to high water 
levels would not have been captured during any sampling eriod. 
 
Salicornia virginica 
S. virginica survival and size were not significantly different between zones, 
suggesting that the distribution of this species was not limited by abiotic conditions.  The 
response of S. virginica was similar to that found in a New England salt marsh where Spartina 
alterniflora was not limited by physical factors and was capable of growing throughout the 
marsh despite differences in physical factors related to tidal inundation (Bertness and Ellison 
1987).  Similarly, in Georgia, S. alterniflora was displaced to lower elevations that were more 
frequently flooded, whereas B. frutescens dominated higher elevations (Pennings and Moore 
2001). However, in an irregularly flooded salt marsh in Brazil, competitively subordinate 
plants were not displaced to more stressful habitats (Costa et al 2003).   
Interestingly, the larger size of S. virginica transplants without neighbors regardless of 
vegetation zone (Figure 4.4a) suggests that this species is a weak competitor and that 
facilitation may not play an important role for this species in the Nueces Marsh.  This 
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contradicts research that has shown facilitation to be important in physiologically stressful 
environments (Pennings and Bertness 2001).  However r c nt work, using parallel transplant 
experiments in Alabama and Georgia marshes, indicated that transplants fared better in the 
neighbor removal plots, despite increased salinity (Pennings et al. 2003).  
The results of this study suggest that competition s important.  It may be that the usual 
absence of B. frutescens from the S. virginica zone permits S. virginica to be abundant there.  
Facilitation cannot be ruled out under all circumstances: it is possible that in different places 
within the marsh or at certain times facilitation may be important.  This may explain why 
plants were larger in the treatment with neighbors at plot 253 for the 8 August census than in 
plots without neighbors (Figure 4.10c).   
 
Borrichia frutescens 
B. frutescens survival was significantly lower in the S. virginica zone regardless of 
whether or not neighbors were removed (Figure 4.3), suggesting that the zonation of B. 
frutescens is largely determined by abiotic conditions.  Competition did not appear to affect 
survival.  The lack of significant effects of the tr atments on B. frutescens leaf length was not 
surprising given the low survival of transplants of this species in this experiment (Figure 4.3). 
The abiotic factor or factors responsible for the deaths of B. frutescens in the S. 
virginica zone are not clear.  The only consistent difference in physiochemical parameters 
measured in this study was soil moisture, which was higher in the S. virginica zone.  
However, it is unlikely that increased soil moisture was an abiotic factor responsible for 
higher mortality of B. frutescens.  B. frutescens actually fared better than S. virginica under 
conditions of simulated soil saturation (Rasser Chapter 5).  It is possible that differences in 
salinity were important but not detectable on the five sampling dates due to short-term 
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variability. Greenhouse experiments (Rasser, Chapter 5) support this theory as S. virginica is 
more tolerant of high salinity than B. frutescens. 
 
Findings compared to geographically different salt marshes 
The results of this experiment suggest that the zonati  of low-latitude marshes are 
more complex than those of meso-tidal salt marshes.  Figure 4.13 presents a summary of 
similar transplant experiments completed in Rhode Island, California, Georgia, and Brazil.  
Most reciprocal transplant experiments have been conducted in salt marshes that experience 
daily tidal influence parallel to the shoreline.  For example, in Rhode Island, both flooding 
and salinity increases close to the shoreline (Figure 4.13).  Spartina alterniflora dominates 
under conditions of frequent flooding and higher salinity and replacement by Spartina patens 
occurs away from the shoreline.  Similarly in Georgia, Spartina alterniflora dominated the 
lower tidal region and was competitively subordinate to B. frutescens at higher elevations 
(Figure 4.13) (Pennings and Moore 2001).  However, such simple tidal gradients do not exist 
in the Nueces Marsh where vegetation patterns sugget that infrequent flooding of tidal creeks 
may be a more important influence than daily tidal fluctuations (Rasser Chapter 2). 
At a landscape scale, physical gradients in the Nueces Marsh may be similar to the 
Carpinteria marsh in the Mediterranean climate of Suthern California, where salinity 
increases with elevation (Figure 4.10, Pennings andCallaway 1992).  However, the S. 
virginica zone occurred at a slightly lower elevation in theNueces Marsh (approximately 10 
cm, see figure 4.1).  A reciprocal transplant experim nt in southern Brazil failed to find 
differences in porewater characteristics or survival of plants transplanted across three 
vegetation zones  (Costa et al. 2003).  The only exception was Spartina densiflora which 
suffered from herbivory.  These results of this study did not support the hypothesis proposed 
by Costa et al. (2003) that abiotic factors played a minor role in salt marshes with irregular 
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flooding.  However my experiment was not able to identify the physical parameters that 
prevent survival of B. frutescens in the S. virginica zone.  It may be that the dynamic 






Figure 4.13.  Results of this study compared with similar transplant studies in Rhode Island, 
California, Georgia and southern Brazil.  Boxes identify whether abiotic or biotic 
factors contribute to the upper and lower zonal limits of each lower marsh 
species.  Arrows represent specific abiotic gradients. 
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Chapter 5. The Effects of Salinity and Flooding on Growth and 
Fluorescence Yield of Borrichia frutescens and Salicornia virginica 
Abstract 
The emergent vascular plants Borrichia frutescens and Salicornia virginica are the 
predominant species of a diverse plant community in the lower Nueces Marsh, near Corpus 
Christi, Texas in the western Gulf of Mexico.  These two species occupy adjacent vegetation 
zones that are believed to be the result of competition and abiotic factors.  I compared the 
relative growth and fluorescence yield of S. virginica and B. frutescens in two experiments 
that manipulated salinity and flooding in order to determine whether abiotic factors, such as 
flooding and salinity stress, play important roles in determining the zonation of these species. 
Growth of S. virginica was significantly less between the 5 cm and 10 cm flood level 
treatments.  In comparison, flooding had no significant effect on B. frutescens.  Flood levels 
were maintained in microcosms at 1, 5, and 10 centimeters below the soil surface.  In the 
salinity tolerance experiment, porewater salinity was maintained at approximately 0, 30 and 
60‰ by watering with either freshwater or water with added sea salts.  High porewater 
salinities significantly reduced growth and fluoresc nce yield of B. frutescens at 30‰ and 
60‰ but did not significantly affect S. virginica.  These results suggest that salinity, not 
flooding, plays a pivotal role in establishing the physiological limits of B. frutescens.   
Introduction 
Zonation patterns in salt marsh plant communities ar  generally stable over time and 
result from tradeoffs between species’ abilities to tolerate stress and both positive and 
negative aspects of interspecific interactions (Bertness and Hacker 1994, Bertness and 
Leonard 1997, Callaway and Walker 1997, Bockelman and Neuhass 1999, Hacker and 
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Bertness 1999).  Therefore, physical factors in salt marsh play an important role in 
determining salt marsh zonation. 
Tidal inundation is the primary process that creates physical stress on salt marsh plant 
communities by flooding and increasing soil salinity (Pennings and Bertness 2001).  In the 
Nueces Marsh long-term monitoring data showed that t e cover of B. frutescens increased 
while S. virginica cover decreased during periods of higher precipitaton and lower soil 
salinities (Forbes et al. Dunton 2008).  However, since increased precipitation can also lead to 
higher water levels in the marsh, it is unclear whether this increase in B. frutescens at the 
expense of S. virginica was the result of saturated soils or decreased interstitial salinity.  
Reciprocal transplants conducted using both species in the Nueces Marsh revealed that their 
relative tolerance to abiotic factors may be more important than competition in determining 
their zonation (Rasser, Chapter 4). 
Flooding and salinity represent significant physical stressors for salt marsh plants. 
Waterlogging of soil reduces the availability of oxygen in the soil and can lead to buildup of 
toxic sulfides (Bradley and Morris 1990, Koch et al. 1990). Wetland plants have developed 
mechanisms to deal with these conditions, including well developed aerenchyma tissue that 
allows transport of oxygen even under saturated conditi s.  Salinity influences plants 
indirectly by requiring them to maintain lower internal osmotic pressures than those of soil 
interstitial water. Halophytes have evolved a number of morphological strategies for coping 
with increased ion concentrations.  This includes secreting salt through glands, and succulence 
(Flowers et al. 1977; Munns 1993).    
The relative influences of stress and competition vary among geographic locations 
(Pennings and Moore 2001, Costa et al. 2003, Pennings et al. 2003, 2005).  At lower latitudes 
along the northern Atlantic Ocean and Gulf of Mexico salinity is considered more important 
than competition in determining plant zonation.  New England salt marshes are characterized 
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by a gradual decrease in salinity and tidal inundation from the waters edge toward areas of 
higher elevation.  Reciprocal transplant experiments demonstrated that the lower limit of 
Spartina alterniflora was controlled by flooding and the upper limit by competition with high 
marsh perennials (Bertness and Ellison 1987).  In the salt marshes of the southeastern United 
States salt marshes, Juncus romerianus may be limited at lower elevations by tidal inundation 
and salinity, and the upper limit of S. alterniflora is set by competition (Pennings et al. 2005).  
Similarly, B. frutescens was stunted under physically stressful conditions in a Georgia salt 
marsh and experimental flooding with saltwater decreased survival of seedlings (Pennings and 
Moore 2001). 
Although reciprocal transplant experiments can testhe relative influence of abiotic 
forces, they cannot separate the effects of different stressors explicitly.  Greenhouse 
experiments that manipulate levels of inundation and salinity are the best approach to 
elucidate the role of different stressors.  For example, Bertness et al. (1992) tested the salinity 
tolerance of eight New England salt marsh plants by watering daily with different levels of 
saline water. In another study, James and Zedler et al. (2000) tested the salinity tolerance of 
Lycium californicum, Salicornia subterminalis and Eriogonum fasciculatum.  Such 
greenhouse experiments, in conjunction with field studies, can provide valuable insight into 
specific physical factors that influence zonation. 
In a reciprocal transplant experiment, abiotic factors were likely important in 
preventing B. frutescens from invading a zone occupied by S. virginica (Rasser Chapter 4).  
These factors probably include salinity and flooding.  Here, I report the results of experiments 
that measured the effects of these two factors on the growth of each species.  The major 
objective was to test experimentally whether soil salinity or soil inundation is more important 
in limiting the growth of B. frutescens.  I hypothesized that both increased salinity and levels 
of flooding would reduce the growth and fluorescence yield of the two species tested in this 
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study.  I also hypothesized that increased salinity would have a greater influence on the 
growth and fluorescence yield of B. frutescens than flooding. 
Methods 
Plant Material 
I collected 60 Borrichia frutescens and 60 Salicornia virginica plants of approximately 
similar sizes from the Nueces Marsh which is in South Texas near the City of Corpus Christi 
(see Rasser, Chapter 2). B  frutescens plants were collected from single stems that were 
expanding into bare tidal creeks during periods of seasonal low tides in March 2006. B
frutescens stems were cultured in 10 cm (4”) peat pots after collections.  Single mature S. 
virginica plants were collected in August 2006.  All plants were re-planted in 20.3 cm (8”) 
plastic pots on the same day and acclimated outdoors f r a period of two weeks prior to the 
start of the experiment, at the University of Texas Marine Science Institute in Port Aransas, 
Texas.  Only plants of the most similar sizes were us d for the experiment.  Additional plants 
(S. virginica, n = 15, B. frutescens, n= 26) were selected for a linear regression analysis for 
biomass estimation at the start of the experiment. 
Experimental Design 
In September 2007 two separate experiments were established in which both B. 
frutescens and S. virginica were exposed to three levels of either salinity or fl oding under 
greenhouse conditions.  For each experiment a 6 x 6 Latin square design was used (Figure 
5.1).  Six plants were randomly assigned to each of six treatment combinations for both 
experiments to reduce any confounding effects of plant history or genetic variability.  Each 
experiment was conducted for the same period of 61 days (14 September 2006 to 14 
November 2006). 
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Three inundation levels of 1, 5 or 10 cm, respectivly, below the soil surface were 
selected as treatments for the flooding experiment. Water levels were maintained by drilling 
two small holes in each of the pots at the desired depth from the soil surface.  Each of the pots 
was then placed in a 9.4 liter (2.5 gallon) white bucket that was filled with fresh tap water. 
Holes drilled in the bucket equaled the height of the hole in the pot.  Water levels were 
checked several times weekly and maintained at the proper height throughout the experiment. 
The three salinity treatments (0‰, 30‰ and 60‰) were maintained by watering with 
either freshwater (control) or freshwater mixed with artificial sea salts (Instant Ocean 
(Aquarium Systems, Inc., Mentor, OH).  Pots were placed inside clear vinyl 20.3 cm x 8.9 cm 
(8” x 3.5”) saucers and watered until water flowed into the saucers. 
All plants were placed under a 3 m x 3 m, 1.5 m high plastic roof constructed from 
clear corrugated PVC to eliminate the confounding effects of precipitation. I compared the 
temperature and photosynthetically active radiation (PAR) between the interior and exterior of 
the structure.  A digital thermometer was used to measure temperature; PAR was measured 
utilizing a LI-193 quantum sensor (Li-COR, Lincoln, NE).  PAR under the roof was found to 
be 94% of ambient and there were no differences in the air temperature between the interior 




Figure 5.1.  An example of the Latin square experimntal design used in both experiments. 
Letters represent the six treatment combinations (3 levels of salinity or flooding 
X 2 species.)  Treatments were assigned randomly so that each row and column 
contained each of the six treatment combinations.  
Sediment Parameters 
For the collection of porewater I constructed lysimeters using 3.6 cm long porous 
plastic air stones attached to latex tubing in each pot 5 cm below the soil surface. Water was 
extracted from the lysimeters using a 5 cc syringe. Water for porewater ammonium analysis 
was promptly frozen after collection.  At the time of analysis the water was thawed and 
centrifuged for 20 minutes at 10,000 rpm to separate any remaining sediment.  Porewater 
ammonium was measured using standard colorimetric methods following Parsons et al. 
(1984).  Porewater ammonium was measured in every pot four times during the experiment.  
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Salinity was measured weekly using a refractometer (R ichart Scientific Instruments, Buffalo, 
New York).  These sediment parameters were measured to nsure that distinct salinity levels 
were maintained during the experiment and that flooding and salinity manipulations would 
not alter porewater ammonium levels. 
Growth Response 
The lengths of each leaf and stem of each plant of both species were measured at the 
start of the experiments.  The number of plant leaves was recorded at the start of the 
experiments and days 30 and 60.  At the completion of the experiments all plants were 
removed from the pots, soil was removed using a sieve and plants were dried at 60° C to a 
constant weight.  A sample of each of the original populations was used for regression 
estimation of initial biomass using total leaf length of S. virginica and total stem length of B. 






















f /ln  
Where Mi is the initial mass, Mf is the final mass, and d is number of days of growth. 
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Figure 5.2.  Initial biomass estimated as a functio of leaf length (B. frutescens; n=15) or total 
stem length (S. virginica; n = 26). 
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Borrichia frutescens
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R2 = 0.63 
Salicornia virginica
biomass = 0.1323 (total stem length) - 0.027 
biomass = 0.0258 (total leaf length) - 0 .00087 
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Fluorescence Yield Response 
The quantum yield response of photosystem II (Genty 1989) was measured using a 
pulse amplitude modulated fluorometer (Walz, Germany). The quantum yield response is 
useful in assessing the maximum photochemical yield of photosystem II and has been used 
before to assess photosynthetic performance in salt m rsh plants (Castillo et al. 2000). 
Measurements were taken on three randomly selected leaves of each plant on days 0, 7, 14, 
23, 36, 43, 53 and 61.  All measurements were taken before twilight to ensure leaves were 
dark adapted and to achieve maximum consistency.   
Statistical Analysis 
All statistical analyses were conducted with SAS (version 9.1).  A one-way analysis of 
variance for each species was used to detect differenc s in relative growth rates in the salinity 
and flooding experiments.   The skewed and heteroscdastic nature of the fluorescence yield 
data precluded the use of analysis of variance. A relative quantum yield response score (YRS) 
was calculated to compare the physiological response f the plants to salinity and inundation 
treatments as follows: 
 
1. If there were not three leaves available to be sampled on a given plant, each missing 
leaf was given a photosynthetic yield value of 0, so a  to retain information related to 
leaf loss and mortality. Therefore a plant might have none or any one of three leaves 
assigned the value of zero on any given date, including the leaves scored zero. 
2. The leaf data were ranked after pooling all leaves of all plants of the species in an 
experiment. 
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3. The average rank of all leaves for each plant on each s mpling date was calculated.  
This value represented the status of each plant on a particular date.  
4. For each plant a regression of the average rank values against date was calculated (SAS 
GLM procedure, N = 8 for regression).  The slope of ach regression became a specific 
plant’s YRS.  Regression analysis was only used to produce the YRS, which not to 
assess significance, so there was no requirement to meet the assumptions of regression. 
5. A Wilcoxon test (SAS Wilcoxon) was conducted to test significant differences in YRS 
between the treatments for each species separately. 
Results 
Salinity Experiment 
The salinity treatments were effective in maintaining three distinct salinity levels 
(Figure 5.3).  Mean salinity values (± SD) averaged across all times for each of the treatments 
were 12.9‰ (± 5.7), 31.7‰ (± 12.9) and 50.9 ‰ (± 18.4).  Porewater ammonium values were 
greater with higher salinity (Figure 5.4). However, porewater ammonium values were 
extremely variable (Figure 5.4), but tended to be higher in the high salinity treatment.
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Figure 5.3.  Effect of watering treatments on porewater salinity (means ± SD, n=8-12).  
Values in legend represent the mean (µ) salinity for each treatment averaged 
across all dates. 
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Salinity did not have a significant effect on the growth of S. virginica (Figure 5.5).  In 
contrast, B. frutescens had a positive growth rate only under the lowest salinity (0‰) 
treatment (R = 6.6 mg [ln(mg*mg-1] * d-1); this was significantly greater (P < 0.05) than the 
growth rate under the medium salinity treatment (R = -6.1 [ ln(mg*mg-1] * d-1) and high 
salinity treatment (R = -11.0 [ ln(mg*mg-1] * d-1; Figure 5.5a).  The relative growth rates of 
both species under the low salinity treatment were similar.  The negative growth rate of B.
frutescens under the medium and high salinity treatments can be attributed largely to leaf loss.  
Many leaves of the plants of this species in the medium and high salinity treatments yellowed 
and senesced during the course of the experiment.  Plants in the medium salinity treatment 
maintained a relatively constant number of leaves (Figure 5.6a), but lost older larger leaves 
and grew newer smaller leaves at the apex of the stem.  All but one plant in the high salinity 
treatment had a net loss of leaves within the first30 days (5.6b).  At the completion of the 








































Figure 5.5.  Effect of salinity on growth rate (means ± SD, n=7-12 ) of B. frutescens and S. 






























































Figure 5.6.  Number of leaves of each B. frutescens plant in the low (A), medium (B) and high 
(C) salinity treatments. 
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Mean fluorescence yield (Fv/Fm), (with zeroes assigned to dead leaves) also declined 
in B. frutescens in the 60 ‰ salinity treatment from 0.804 to 0.230 from the first to last census 
(Figure 5.7).  The YRS was negative for all six plants in the high salinity treatment Table 5.1.  
The YRS for B. frutescens was significantly lower in the high salinity treatment than in the 
freshwater treatment ((P = 0.0111; Figure 5.8).  However, there were no significant 
differences in YRS among salinities for S. virginica.  A high proportion of B. frutescens 
leaves in the high salinity treatment became yellow as the experiment progressed; yellow 
leaves tended to have a lower fluorescence yield.   
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Figure 5.7.  Fluorescence yield (means ± SD, n=6) for each census for the salinity experiment.  
Bars are standard deviation. 
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Figure 5.8.  Average fluorescence yield leaf rank for individual plants of B. frutescens in the 
low salinity treatment (A) and high salinity treatment (B).  Each line represents 





















































Table 5.1. Yield response values for each of the plants in the salinity.  These values were 
determined by calculating the slope of the average fluorescence yield leaf rank.  
See figure 5.8. 
Treatment YRS Score for each plant (n=6) 
B. frutescens Low Salinity 1.42 0.90 -0.42 0.54 1.74 4.76 
B. frutescens Med. Salinity 1.46 -0.28 -2.81 3.28 3.29 3.07 
B. frutescens High Salinity -1.9 -0.35 -1.96 -4.66 -4.49 -4.48 
S. virginica Low Salinity -1.33 0.97 0.71 0.52 1.08 -3.74 
S. virginica Med. Salinity -3.34 0.33 1.24 -3.41 0.17 2.02 
S. virginica High Salinity -1.28 1.86 -1.73 3.94 -0.79 2.78 
       
 
Flooding Experiment 
There was no consistent or significant effect of flooding on the growth of B. 
frutescens, in part because plant response was extremely variable (Figure 5.9).  S. virginica 
growth was less variable.  Its growth rate was significantly (P = 0.029) lower under the 5 cm 
of soil above flood level (SAFL) treatment than it was under the 10 cm SAFL treatment (5.4 
versus 15.3  [ln(mg*mg-1] * d-1, respectively).  Although the growth rate of S. virginica was 
low at 1cm SAFL, that growth rate (7.8 [ln(mg*mg-1] * d-1) was intermediate between the 5 
cm SAFL and 10 cm SAFL treatments and was not significa tly different from either (P = 
0.051).  Porewater ammonium values were variable in the flooding experiment and no 
relationships were observed between porewater ammoniu  values and flood treatments 
(Table 5.2).  The mean number of leaves increased ov r the course of the experiment for B. 
frutescens in all of the treatments (Figure 5.10).  The mean fluorescence yield values were 
somewhat lower in the S. virginica 1 cm SAFL treatment than in the other treatments (Figure 
5.11).  There were no significant differences in YRS for B. frutescens (P = 0.0981) or 
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Figure 5.9. Effect of flood treatment on growth rate (means ± SD, n=6). Within each species 
letters represent means that are not significantly different. 
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Table 5.2. Porewater ammonium values (µM) for each treatment combination by census for 
the flooding experiment.  
Day of 
Experiment 
soil above flood 
level (CM) 
  N Mean SD Min Max 
0 1 11 27.5 16.9 2.3 49.9 
0 5 12 41.1 26.5 15.2 97.2 
0 10 10 35.4 18.2 2.8 67.2 
21 1 6 36.9 38.7 13.1 115.1 
21 5 9 48.8 65.9 10.5 197.2 
21 10 8 26.6 21.4 3.4 74.9 
38 1 11 41.8 119.5 0.2 401.5 
38 5 8 6.1 2.7 0.2 22.0 
38 10 6 125.3 275.4 9.3 687.5 
58 1 7 77.3 114.1 5.5 286.8 
58 5 5 23.9 28.3 4.0 71.9 






































































Figure 5.10.  Number of leaves of each  B. frutescens plant in the low (A), medium (B) and 
























S. virginica 10 cm
S. virginica 5 cm
S. virginica 1 cm
B. frutescens 10 cm
B. frutescens 5cm
B. frutescens 1 cm
 
 Figure 5.11. Mean fluorescence yield at each census for the flooding experiment.  Bars are 
standard deviation. 
 
Table 5.3.  Yield response values for each of the plants in the flood experiment.  These values 
were determined by calculating the slope of the average fluorescence yield leaf 
rank.  See figure 5.8 for example.  
Species 
 
Flood Level cm Plant YRS Score 
B. frutescens 1 -0.61 1.90 2.01 2.87 1.39 -2.24 
B. frutescens 5 -2.05 -2.59 -8.33 -0.61 0.93 1.30 
B. frutescens 10 0.50 -1.68 -1.26 -2.98 -0.62 0.68 
S. virginica 1 0.30 -1.74 0.76 0.65 2.35 -0.30 
S. virginica 5 2.69 -3.64 1.83 2.42 2.58 -0.86 




Discussion   
Soil salinity and inundation are spatially and temporally variable in the Nueces Marsh 
due to a complex tidal creek network and dynamic wind-driven tides (Rasser Chapter 3 and 
Chapter 4). The explicit testing of the effects of salinity and flooding on B. frutescens and S. 
virginica in this study provides strong evidence that salinity may be a more important driving 
factor than flooding in determining the zonation between these two species. 
Most studies of salinity tolerance in salt marsh plants have examined plant responses 
at much lower salinity levels.  For example, salinity levels of 30, 15 and 0‰ were used to 
study Pucinella and Spartina (Huckle et al. 2000). The salinity tolerance of Spartina patens, 
Sagittaria lancifolia, and Panicum hemitomon were examined in a greenhouse at salinity 
levels of 2, 4, and 9‰ (Greiner et al. 2001). Both studies found that salinity at these levels 
influenced plant competition. A much wider range of s il salinities occurs in the Nueces 
Marsh (2.9‰ to 98.8‰; Rasser, Chapter 4; 5‰ to 60‰, Forbes et al 2008). Therefore, the 
salinity levels used in this study (averaging 13‰, 32‰, and 51‰,) were realistic. 
Porewater ammonium was measured to determine whether the salinity and flooding 
treatments influenced porewater ammonium.  The onlytrend observed in either experiment 
was higher porewater ammonium in higher salinity treatments (Figure 5.4, Table 5.1).  This 
trend in porewater ammonium was probably due to differences in sediment chemistry 
associated with salinity.  At higher levels of salinity, sodium ions in solution occupy more 
cation exchange sites on sediment grains and may desorb ammonium ions from the sediment 
surface, thus increasing porewater ammonium concentrations (Gardner et al. 1991, Seitzinger 
1991). Dissimilatory nitrate reduction to ammonium (DNRA) has been demonstrated to be a 
significant pathway in estuarine sediments (Tobias et al. 2001, Ma and Aelion 2005) and 
under conditions of higher salinity nitrification rates have been experimentally demonstrated 
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to be lower (Seitzinger et al. 1991) and DNRA more viable (Gardner et al. 2006).  This would 
also explain the apparent lower porewater ammonium at 40 days (Figure 5.3) because it 
corresponded with relatively lower porewater salinity (Figure 5.3).  Porewater ammonium 
values for both experiments were generally less than ose found under field conditions in the 
Nueces Marsh (Rasser, Chapter 4), where the mean was 124.2 µM (range 5.1-409.0 µM,  SD 
= 69.3 µM, n= 304).  This difference may have been caused by dilution due to collection of 
the water samples within an hour of watering, causing the actual volume of interstitial water 
to be higher than it would have been under actual field conditions.   
Increased salinity levels greatly reduced the growth rate of B. frutescens but had no 
measurable effect on S. virginica. At the medium (31.7‰) and high (50.9‰) salinity 
treatments, B. frutescens growth was significantly less than at the freshwater treatment (Figure 
5.4).  Although B. frutescens can have a high tolerance for salinity (Antlfinger and Dunn 
1983), growth and vigor of this species can be adversely affected at even moderate levels of 
salinity.  For example, a salinity treatment of 16‰ reduced stem height, number of flowering 
stems and number of leaves of B. frutescens in a herbivory field experiment in Georgia (Moon 
and Stiling 2002).   
My data suggest that S. virginica was unaffected by increased salinity; growth was not 
significantly different in any of the salinity treatments (Figure 5.4).  This finding was similar 
to that of Pearcy and Ustin (1984). Although S. virginica is salt tolerant (Mahall 1976a) it has 
been debated whether or not S. virginica is an obligate halophyte (Barbour and Davis 1970).  
The results of this experiment provide no support fr his species being an obligate halophyte.   
The response of B. frutescens and S. virginica to flooding was more variable than the 
response to salinity.  S. virginica growth was significantly greater when the water leve  was 10 
cm below the soil surface than when it was only 5 cm (Figure 5.1).  This suggests that S. 
virginica growth may be inhibited in waterlogged soil.  Since S. virginica is often found 
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growing at slightly lower elevations than B. frutescens in the Nueces Marsh (Rasser, Chapter 
3), I had hypothesized that S. virginica would be more resistant to flooding than B. frutescens 
(Figure 5.9). Hence, these results were unexpected.  However, this does not mean that S. 
virginica is intolerant of flooding as it was able to have a positive growth rate despite 
consistent waterlogging in this experiment.  Although, aerenchyma are absent in Salicornia 
spp.(Hinde 1954), S. virginica may nevertheless be capable of oxygenating its roots (Mahall 
1976b).   
My findings suggest that growth rates in B. frutescens are not hindered by flooding, 
and therefore that clonal stands of B. frutescens are not prevented from invading waterlogged 
soil.  These experimental results also explain the observed distribution of B. frutescens in the 
Nueces Marsh.  The plant is found commonly along the edges of tidal creeks and other areas 
closer to the bay that are subject to frequent flooding but not as likely to be exposed to high 
salinity (Rasser, Chapter 4).  In contrast S. virginica is more commonly found growing in 
areas of slightly lower elevation that are not as clo ely connected to tidal creeks.  The fact that 
S. virginica is not found growing at higher elevations is perhaps because it is out-competed by 
B. frutescens (Rasser, Chapter 4). 
Like S. virginica, other shrub species may be more negatively influeced by salinity 
than flooding.  For example, salinity was more detrimental than waterlogging to Iva frutescens 
(Hacker and Bertness 1995). The present experiment used single ramets of B. frutescens, but 
in the field these plants exist as clonal stands.  Therefore, in the field, parent clones may 
provide water to salt-stressed ramets growing in areas of higher soil salinity (Pennings and 
Callaway 2000).  
Although waterlogging from flooding can reduce interspecific competition among salt 
marsh plants (Huckle et. al 2000), flooding may notbe especially important in determining 
the zonation of S. virginica in the Nueces Marsh.  Although S. virginica growth was limited 
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by flooding in this experiment, this species also grew at lower elevations (Rasser Chapter 3), 
suggesting that competition with B. frutescens is more important than the abiotic stress of 
flooding in zonation of B. frutescens and S. virginica. 
Because the Nueces marsh has been subject to historical reduction in freshwater 
inflow, salinity has increased in this ecosystem (Montagna et al. 2002, Ward et al. 2002, 
Palmer et al. 2002, Alexander and Dunton et al. 2002). The results suggest that this increased 
salinity is providing more favorable conditions for the more salt-tolerant S. virginica at the 
expense of B. frutescens.  Given the different life forms of these species, a hift in abundance 
from B. frutescens to S. virginica may have significant impacts on organic matter input into 
the estuary, nutrient cycling, shoreline stabilization and wildlife habitat. 
In field sampling of salinity in monotypic stands of B. frutescens and S. virginica no 
differences were found in salinity (Rasser Chapter 4).  There are two possible explanations as 
to why the results of these experiments contradict each other.  One possible cause is that 
repeated flooding in S. virginica zone may cause brief periods of very high salinity that are 
difficult to capture using discrete field measurements (see figure 5.12).  Another possible 
explanation is the combined effects of salinity andflooding. 
These experiments did not test the possible interactive effects of salinity and flooding.  
Flooding with saltwater may be more important than flooding with freshwater.  In a study on 
the effects of water level and salinity on Spartina patens and Sagittaria lancifolia, a 
significant interaction was observed between flooding and salinity (Baldwin and Mendelssohn 
1998).  Flooding under levels of increased salinity caused a greater reduction in the soil redox 
potential (Eh) under saline conditions than with freshwater. Similarly, a greenhouse 
experiment suggested higher B. frutescens seedling mortality when the plants were flooded 
with seawater (Pennings and Moore 2001).  Therefore, the combined effects of salinity and 




Figure 5.12.  Conceptual model of the role of flooding and salinity in determining zonation in 
the lower Nueces Marsh in the vicinity of tidal creek. 
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Appendix: Calculation of Shoreline Change in the Nueces River Delta, 
Texas Utilizing Remote Sensing and Geospatial Analysis 
Introduction 
Salt marsh vegetation plays an important role in coastal geomorphology processes by 
trapping sediments and accumulating organic matter.  Shoreline erosion is a significant 
problem that can cause loss of marsh habitat along the Gulf Coast of Texas (Webster and 
Williams 1993). There is anecdotal evidence that significant shoreline erosion continues 
to occur along the Nueces Delta, but exact measurements of recent shoreline loss are not 
known. The objective of this analysis was to calculate shoreline loss along the Nueces 
River Delta. 
 
Figure A.1. Location of study area. 
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Methods 
Analysis of Shoreline Erosion 
The 1997 imagery was georegistered to the 2005 image using ground controls 
points (GCPs) visible on both photographs.  GCPs consisted of man-made and natural 
identifiable points in the images such as road intersections and small interior islands of 
vegetation.  A first order polynomial algorithm was u ed to georeference the two images.  
Visual examination by overlaying the photos shows that he image registration probably 
has an error of 6-8 meters (Figure A).  This was expected given the lack of ideal ground 
control points, for example, street corners and manade structures. 
Creation of Shoreline GIS Layers 
The shoreline was interpreted as the line of vegetation closest to the water’s edge. 
This was done to reduce the confounding effecting of differing water levels between 
images. The process for creating a GIS layer of the shoreline was as follows: 
1.  A transect was drawn parallel to the length of the shoreline. 
2.  A 200 meter buffer around the baseline was generated creating a 400 meter 
wide polygon bounding the shoreline. 
3.  A polygon layer, encompassing all land masses along the shoreline, was 
created using manual onscreen digitizing (Figure 2.B). Major landforms contained 
within the boundary created during step 2 were included in the layer. 
Estimation of Rate of Shoreline Erosion 
 I measured the distance between the 1997 and 2005 shorelines to estimate the 
average erosion along the length of the study area.  Measurement locations were based on 
random points generated along the length of the basline.  From these random points a 
measurement path was drawn perpendicular to the shoreline.  The distance between the 
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1997 and 2005 shoreline was calculated at each of the 30 locations along the 
measurement path (Figure A.2). 
Estimation of Future Vegetation Types Lost to Erosion 
Using an existing vegetation classification scheme (Rasser Chapter 2) an estimate 
was made of the composition of vegetation that would be lost if the same rate of erosion 
occurred.  This was accomplished by buffering the 2005 shoreline by the distance of 
shoreline lost between 1997 and 2005.  The percentag  of each vegetation class within 







Figure A.2.  Transparent overlay of 2005 image on 1997 image.  Note the registration 
errors apparent at the tidal creek (A) is approximately 3-5 meters compared 
to approximately 30 meters of shoreline lost (B).  Area shown is the 








Figure A.4. Shoreline erosion was measured at 30 random points along the study area 
baseline.  The distance between the 1997 and 2005 shorelines was 













































Figure A.5.  Percent cover of vegetation occurring within 20.15 meters of 2005 shoreline.  
Based on classification in Chapter 4. 
 
Results and Discussion 
The average shoreline retreat was 20.15 m (n=30, sd = 7.4 m) or 2.5 m/year for 
the period 1997 – 2005. There was an estimated 21.6 ha of marsh in 1997 and 17.5 ha in 
2005 within the shoreline study area, indicating a net loss of 4.1 hectares (10.15 acres) 
within that time frame.  Since the imagery used for this study were taken about eight 
years apart, this translates to a shoreline loss rate of roughly 0.5 ha/year.  These results 
are similar to those found elsewhere along the Texas Coast; for example, Williams (1993) 
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found erosion rates of up to 3.1 meters per year on Mud Island Marsh Preserve in 
Matagorda Bay located approximately 130 km from Nueces Bay. The area within 21.5 m 
of the current shoreline consists largely of vegetated salt marsh composed of B. 
frutescens and S. virginica (80%) with lesser amounts of other vegetation (13%) and non-
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